Assessing the suitability of various feedstocks for biomass gasification by Sharma, Akshya
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2011
Assessing the suitability of various feedstocks for
biomass gasification
Akshya Sharma
Louisiana State University and Agricultural and Mechanical College, akshyasharma@live.com
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Engineering Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Sharma, Akshya, "Assessing the suitability of various feedstocks for biomass gasification" (2011). LSU Master's Theses. 3758.
https://digitalcommons.lsu.edu/gradschool_theses/3758








A Thesis  
 
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agriculture and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 

















I would like to thank my committee members, Dr. Chandra Theegala (major professor), 
Dr. Mike Mailander (Late) and Dr. Cornelis F. ―Niels‖ de Hoop for their guidance and support of 
my work. I would like to thank all faculty and staff in the LSU Biological and Agricultural 
Engineering Department for their help during graduate years. I would like to extend a special 
thanks to Dr. Les Groom, Project Leader (USDA Forest Services), for his guidance and support. 
Also I would like to thank all the personnel at LSU Callegari Environmental Center for all their 
help and assistance. I would also like to thank all undergraduate students who helped me during 
this research.  
I am grateful to my parents, Dr. Pradeep Sharma and Dr. Sandhya Sharma and to my 
wife, Mrs. Stuti Dubey for their moral support.  
I would especially like to thank Sun Grant – South Central at Oklahoma State for giving 




TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS ............................................................................................................ ii 
 
LIST OF TABLES ......................................................................................................................... vi 
 
LIST OF FIGURES ...................................................................................................................... vii 
 
ABSTRACT ................................................................................................................................... xi 
 
CHAPTER 1: INTRODUCTION ................................................................................................... 1 
1.1 Introduction .......................................................................................................................... 1 
1.2 Use Biomass as Biofuel & Gasification Fundamentals ....................................................... 4 
1.3 Research Objective .............................................................................................................. 7 
 
CHAPTER 2: LITERATURE REVIEW ........................................................................................ 8 
2.1 Biomass and Bioenergy Overview ....................................................................................... 8 
2.2 Introduction to Gasification ............................................................................................... 10 
2.2.1 Drying .............................................................................................................. 10 
2.2.2 Pyrolysis .......................................................................................................... 10 
2.2.3 Combustion ...................................................................................................... 11 
2.2.4 Gasification ...................................................................................................... 11 
2.3 Gasification and Its Technologies ...................................................................................... 14 
2.4 Feedstocks Tested for Gasification .................................................................................... 18 
2.4.1 Characteristics of Feedstocks Studied ............................................................. 20 
2.5 Different Gasifier Designs ................................................................................................. 21 
2.5.1 Fixed-Bed Biomass Gasifier ............................................................................ 21 
a) Up-Draft Biomass Gasifier .............................................................................. 21 
b) Down-Draft Biomass Gasifier ......................................................................... 22 
2.5.2 Fluidized-Bed Biomass Gasifier ...................................................................... 23 
a) Bubbling Fluidized-Bed Gasifier (BFBG) ...................................................... 23 
b) Circulating Fluidized-Bed Gasifier (CFBG) ................................................... 24 
2.5.3 Entrained Flow-Down Flow Gasifier .............................................................. 25 
 
CHAPTER 3: GASIFICATION METHODOLOGY ................................................................... 27 
3.1 Gasifier Description ........................................................................................................... 27 
3.1.1 Gasification Unit.............................................................................................. 27 
3.1.2 Sampling Unit .................................................................................................. 28 
3.1.3 Flaring Unit...................................................................................................... 29 
3.2 Gas Composition Quantification........................................................................................ 30 
iv 
 
3.3 Testing of Feedstock Characteristics ................................................................................. 32 
3.3.1 High Heating Value (HHV) or Calorific Value of Feedstocks ....................... 32 
3.3.2 Density and Moisture Percentage .................................................................... 34 
a) Density ............................................................................................................. 34 
b) Moisture ........................................................................................................... 34 
3.3.3 Volatile Solids and Ash Percentage................................................................. 35 
a) Ash Percentage ................................................................................................ 35 
b) Volatile Solids ................................................................................................. 36 
3.3.4 Analysis of Tars and Particulates .................................................................... 36 
3.3.5 Use of Tar Cracking Catalyst .......................................................................... 38 
3.4 Analysis of Temperature Profile and Oxygen Sensor Reading ......................................... 38 
a) Temperature Profiles ....................................................................................... 38 
b) Oxygen Sensor Profile ..................................................................................... 39 
3.5 Ultimate and Proximate Analysis ...................................................................................... 40 
 
CHAPTER 4: RESULTS AND DISCUSSIONS ......................................................................... 41 
4.1 Introduction ........................................................................................................................ 41 
4.2 Composition of SYNGAS Generated from Various Feedstocks ....................................... 42 
4.3 Characterization of Feedstocks .......................................................................................... 45 
4.3.1 Calorific Value or High Heating Value – Bomb Calorimetry of Feedstocks .. 45 
4.3.2 Moisture and Density Content ......................................................................... 46 
4.3.3 Volatile Solids and Ash Percentage................................................................. 49 
4.3.4 Analysis of Tars and Particulates .................................................................... 51 
4.3.5 Effect of Tar Cracking Catalyst on Tar Concentration.................................... 54 
4.4 Temperature Profile and Oxygen Sensor Readings ........................................................... 55 
a) Temperature Profile ......................................................................................... 55 
b) Oxygen Sensor ................................................................................................. 58 
4.5 Ultimate and Proximate Analysis ...................................................................................... 60 
 
CHAPTER 5: CONCLUSION ..................................................................................................... 63 
5.1 Summary of Results ........................................................................................................... 63 
5.2 Future Opportunities and Suggestions ............................................................................... 65 
 
REFERENCE ................................................................................................................................ 66 
 
APPENDIX ................................................................................................................................... 73 
SectionA1.1: Volatile Solids and Ash Percentage Calculation ......................................... 73 
SectionA1.2: Temperature Profile and Oxygen Sensor Profiles ....................................... 79 
SectionA1.3: (i) Concentration of Particulates .................................................................. 88 
SectionA1.3: (ii) Concentration of Tars............................................................................. 89 
v 
 
SectionA1.4: Gas Chromatography Results ...................................................................... 90 
SectionA1.5: Metal Analysis Results ................................................................................ 92 
SectionA1.6: Ultimate Analysis......................................................................................... 93 
 




LIST OF TABLES 
Table 1.1: Different feedstocks used in this thesis, which were either plant based or animal waste 
based feedstocks.............................................................................................................................. 5 
 
Table 2.1 Estimated dry tons of feedstock available in Louisiana ................................................. 9 
 
Table 2.2: Difference in gases released when biomass was combusted to when the biomass was 
gasified under bleak oxygen supply. ............................................................................................. 12 
 
Table 2.3: Mechanism of gasification and combustion reactions which takes place inside a 
gasifier........................................................................................................................................... 13 
 
Table 2.4: Major biomass gasification demonstration projects and commercial plants ............... 17 
 
Table 2.5: Different gasifier designs and the characteristics which affect the production of 




LIST OF FIGURES 
Figure 1.1: Historical trends in United States finished liquefied petroleum gases in thousands of 
barrels. Source – Energy Information Administration .................................................................... 1 
 
Figure 1.2: Historical trends in United States finished petroleum products in thousands of barrels. 
Source – Energy Information Administration................................................................................. 2 
 
Figure 1.3: Energy Consumption on a Global Scale – Only 9 % of energy needs were fulfilled by 
biomass and approximately 80% of energy is driven from non-renewable sources of energy. ..... 3 
 
Figure 1.4: This flowchart shows the basic steps involved in a biomass gasification plant with air 
or oxygen used as a gasification agent. ........................................................................................... 6 
 
Figure 2.1: Cumulative worldwide gasification capacity and growth from past four decades
28
. . 15 
 
Figure 2.2: Up-draft biomass gasifier: Fuel enters from the top and air is injected from the 
bottom. High efficiency gasifier with poor quality syngas. .......................................................... 21 
 
Figure 2.3: Down-draft biomass gasifier. Fuel enters from the top and air is injected from the 
sides. Average efficiency gasifier with low quality syngas (tars produced)
 
 ................................ 22 
 
Figure 2.4: Bubbling fluidized-bed gasifier. Fuel is fed from the top. Design is complex and 
output gas is poor in quality  ......................................................................................................... 23 
 
Figure 2.5: Circulating fluidized-bed gasifier: Fuel is injected at the center and the gasification 
agent is injected at the center. Design is complicated and high quality of tars and particulates 
present in output gas ..................................................................................................................... 24 
 
Figure 2.6: Entrained flow – down flow gasifier: Fuel is fed from the top and gasification agent 
(steam or air) is injected at the center. Quality of producer gas is good but the design is 
extremely complex. ....................................................................................................................... 25 
 
Figure 3.1: Gasification Unit. The central unit houses the thermocouples. The air intake on the 
sides provided the gasification agent (air). The feed gates were used to feed feedstock into the 
gasification unit in a batch process. The thermocouples on the gas exiting end and oxygen 




Figure 3.2: Sampling Unit. The filter paper is used to trap particulates and acetone bottles are 
used to dissolve tars ...................................................................................................................... 29 
 
Figure 3.3: Down-draft biomass gasifier at Louisiana State University. A) Gasification Unit: The 
feed was fed in this unit. It also shows the thermocouples. B) Sampling Unit: Figure 3.2. C) 
Flaring Unit: The gas produced in the gasification unit was flared in the flaring unit ................. 30 
 
Figure 3.4: SRI Instruments® Gas Chromatographer 8610 C– The gas was injected via 10 ml 
syringe in the injection port. ......................................................................................................... 31 
 
Figure 3.5: GC output of the representative SYNGAS: First peak – H2, Second peak – O2, Third 
peak – N2, Fourth peak – CO, Fifth for – CH4 and the sixth peak for CO2 .................................. 31 
 
Figure 3.6: 1108 Oxygen Bomb: The chamber is filled and sealed with approximately 60 psi of 
O2.  A sparking current is passed through the two electrodes for creating the explosion inside the 
bomb. ............................................................................................................................................ 32 
 
Figure 3.7: Bomb Calorimetry for calculation of high heating value ........................................... 33 
 
Figure 3.8: Ash obtained after furnace treatment for volatile solids and ash percentage of 
different feedstock bagasse. .......................................................................................................... 35 
 
Figure 4.1: Composition of different gases in SYNGAS. Gasification of pine pellets resulted in 
almost 40% combustible gases. .................................................................................................... 43 
 
Figure 4.2: Comparison of different constituents of SYNGAS. Feedstocks with higher SYNGAS 
composition (>16% H2 and > 17% CO) were suitable for generating fuel. ................................. 44 
 
Figure 4.3: Comparison of high heating values or calorific values of different feedstocks. Higher 
calorific value signifies better energy content of a feedstock. ...................................................... 46 
 
Figure 4.4: Density of Different Feedstocks Available – Extremely low density feedstocks did 
not gasify ....................................................................................................................................... 47 
 
Figure 4.5: Moisture of different feedstocks. Feedstocks with moisture content < 7% was found 
to be ideal for gasification............................................................................................................. 48 
 
Figure 4.6: Ash percentage of different feedstock. Low ash percentage was desirable for 




Figure 4.7: Volatile solids percent of different feedstock. High volatile solids percentage meant 
higher C content in the feedstock, in turn better calorific value ................................................... 50 
 
Figure 4.8: Comparison of particulates present in different feedstocks. High particulate 
concentrations lead to chocking of sampling lines and gas exit port. ........................................... 51 
 
Figure 4.9: Comparison of tars present in different feedstocks. Higher tars resulted in clogging of 
gas exit port and grate. .................................................................................................................. 52 
 
Figure 4.10: Tar collected in acetone from Hardwood ................................................................. 53 
 
Figure 4.11: Tars and particulates from alfalfa feedstock. ........................................................... 53 
 
Figure 4.12: Tar collected in acetone from bark nugget ............................................................... 53 
 
Figure 4.13: Dried tars from acetone (alfalfa feedstock) .............................................................. 53 
 
Figure 4.14: Tar cracking catalyst. Catalyst maintained at 550˚C. The surface did not crack or 
tarnish at this temperature. ............................................................................................................ 54 
 
Figure 4.15: Tar cracking catalyst. Catalyst maintained at 450˚C. The surface did not crack or 
tarnish at this temperature ............................................................................................................. 54 
 
Figure 4.16 Tar cracking catalyst. Catalyst maintained at 650˚C. The surface did not crack or 
tarnish at this temperature. ............................................................................................................ 54 
 
Figure 4.17: Concentration of Deposition of tars and particulates with and without the use of a 
tar cracking catalyst ...................................................................................................................... 55 
 
Figure 4.18: Cypress mulch gasification temperature profile. Quicker gasification than other 
feedstocks due to constant unmodified gasification agent (air) supply. ....................................... 56 
 
Figure 4.19: Temperature profile of pine pellets; 19 % CO and 17% H2 was observed after 
Thermo 2 reached 550˚C. ............................................................................................................. 57 
 
Figure 4.20: Bark nugget oxygen sensor profile. Oxygen present in substantial quantities inside 
and outside the gasification chamber represented by values less than 0.8 volts. This indicates that 




Figure 4.21: Oxygen sensor voltage readings for corn pellets. Depleted or zero oxygen 
concentration are indicated by a reading above 0.8 volts. This indicates the SNYGAS produced 
was safe to ignite. .......................................................................................................................... 59 
 
Figure 4. 22: Comparison of different metals present between a gasifying and a non-gasifying 
feedstock. The excess amount of inorganic compounds present in alfalfa made it a non-gasifying 
feedstock for gasification. ............................................................................................................. 61 
 
Figure 4.23: Comparison of Ultimate Analysis of different feedstocks and their ashes. Higher 




Ten different types of feedstocks available in Louisiana were assessed for their suitability 
to produce SYNGAS in a down-draft biomass gasifier. The feedstocks tested for this research 
include: pine pellets, hardwood pellets, cypress mulch, pine bark nuggets, corn stover pellets, 
switchgrass pellets, sugarcane bagasse pellets, dairy manure pellets, and poultry litter pellets. 
The feedstocks were first analyzed for volatile & ash content, high heating value, moisture, and 
mass density. Feedstocks that met the analytical criteria and available in a form that is suitable 
for the down-draft gasifier at LSU were tested for gasification.  The temperature profile within 
the gasifier and exiting oxygen concentrations were monitored for each of the tested feedstocks.   
Results indicated that pine and hardwood pellets had moisture contents of 6.04 ± 0.5% 
and 5.39 ± 0.22%, respectively, which was considered optimum for gasification. However, corn 
pellets had higher moisture content (13.3 ± 0.44%) and had to be dried to 7 ± 1% moisture for 
successful gasification. Results also indicated that low ash and high volatile solids contents were 
critical for gasification. Pine pellets and hardwood pellets had the least ash (0.37 ± 0.1% and 
0.85 ± 0.2%) and highest volatile solids (99.62 ± 0.1% and 99.14 ± 0.5%), therefore, performed 
best during gasification runs. Poultry litter and dairy manure pellets had more than 39% ± 0.8% 
ash and less than 62 ± 0.8% volatile solids, which made them unsuitable for gasification. Four 
feedstocks (Alfalfa, switchgrass, bagasse, and corn) had moderate levels (12.16% - 3.28 %) of 
ash contents, with alfalfa having the highest ash content.  Out of these feedstocks with moderate 
ash contents, alfalfa pellets failed to gasify consistently.  Cypress mulch and pine bark nuggets, 
although had the necessary properties for gasification (low ash, high volatile solids, acceptable 
high heating values, and low moisture), the mass density was too low and required continuous 
feeding. Although these feedstocks gasified, the frequent valve openings and closings and 
xii 
 
constantly varying volumes of biomass inside the gasifier caused major temperature fluctuations.   
The actual suitability of these feedstocks can be tested either after densification (pelletization) or 
by incorporating an automated feeding system for the gasifier. The dairy manure pellets, 
switchgrass pellets, bagasse, and chicken litter pellets could not be tested in the gasifier due to 
unavailability in these pellets in the market in bulk volumes.  The in-house hammermill and 
pelletmill were not found to be undersized for large scale production of pellets. 
The exiting SYNGAS (SYNthesis GAS) was passed through adjacent sampling unit for 
quantification of tars and particulates gravimetrically.  Of the 5 feedstocks that were tested for 
gasification, syngas from pine pellets had very high tar and particulate concentration, as high as 
0.80399 ± 0.183 g/Nm
3
 and 4.06377 ± 0.721 g/Nm
3
 respectively.  However, the same values 
were lowered to 0.26 g/Nm
3
 (tars) and 1.2 g/Nm
3
 (particulates) after passing the gas through a tar 
cracking catalyst bed maintained at 250˚C 
1 
 
CHAPTER 1: INTRODUCTION 
1.1 Introduction 
Due to depleting fossil fuel supplies and increasing energy consumption resulting from 
increasing populations and economic developments, it is critically important to explore 
alternative energy sources for ensuring a sustainable future. Biomass is a clean and renewable 
alternative and can be an excellent substitute for conventional fuels. Renewable fuels are cleaner 
fuels compared to traditional petroleum and coal, which reduce air pollution and lower 
greenhouse gas emissions
1
. The Figures 1.1 and 1.2 shows that the consumption of finished 
petroleum products and liquefied petroleum products increased by 37.5% and 26.5%, 
respectively, over the past three decades
2
. 
The dependency on non-renewable energy sources can be considered a major cause of 
production of vicious heat-trapping gases leading to the well-known phenomenon of ―global-
Figure 1.1: Historical trends in United States finished liquefied petroleum gases in thousands of 





warming‖. Dincer (2001) associated increase in global warming to the increase in emission of 
NOx, SOx and CO2
3
. Goudie (2006) predicted some major impacts of global warming such as 
change in balance between snow and rain, melting of glacier ice and of permafrost and impact of 
sea level rise on coastal deltas
4
. The European Environment Agency stated that ―Glaciers are an 
important freshwater resource and act as water towers for lower-lying regions. Projected changes 
in precipitation, snow-cover patterns and glacier storage will alter run-off regimes, potentially 
leading to higher water stress in summer, floods and landslides in winter and higher inter-annual 
variability. This will have serious consequences for freshwater supply, river navigation, 
ecosystems fed by water from rivers, irrigation facilities, and power generation. Observed and 
projected reductions in permafrost, and glacier retreat, are also expected to increase instabilities 
and natural hazards including glacier lake outbursts, rock-ice avalanches and landslides all of 
which may damage infrastructure
5
.‖ 
In the US, the motivation to discover an alternate source of renewable energy is driven by 
Figure 1.2: Historical trends in United States finished petroleum products in thousands of barrels. 





depleting fossil fuel resources and heavy dependence on foreign energy. Apart from the 
renewable aspects, these fuels also bring in a major incentive, namely a cleaner environment, 
with fewer NOx, SOx and CO2 emissions.  Stevens (2001) stated that plant growth ―recycles‖ 
CO2 from the atmosphere, and the use of biomass resources for energy and chemicals results in 
low net emissions of CO2
6
. According to Rezaiyan and Cheremisinoff (2005), the emissions of 
NOx and SOx from biomass facilities were also typically low and this helped the biomass 
technologies to meet local and regional environmental regulations and reduce emissions that 
contribute to acid rain
7
. 
Figures 1.3 show that biofuels contribute 9% of all energy consumptions on the planet. 
According to McKendry (2002), biomass has always been a major source of energy for mankind 
and is presently estimated to contribute of the order 10 – 14% of the world’s energy supply
8
. 
Theoretically, biomass has the capacity to provide 100 percent of the world’s energy 
requirement; however, current production approaches and use of biomass for energy is not 
Figure 1.3: Energy Consumption on a Global Scale – Only 9 % of energy needs were 








. Babu (1992) mentioned that biomass could be a major component of renewable 
energy resources, which was gaining worldwide recognition as an environmentally compatible 
fuel. It was estimated that the annual yield of biomass was approximately eight times the world’s 
annual energy use
10
. Hall (1991) construed that there was a significant potential to improve upon 
its current contribution of 10 ~ 14% to the world’s energy consumption
11
. 
1.2 Use Biomass as Biofuel & Gasification Fundamentals 
Massive consumption and unavoidable scarcity of petroleum products have concerned 
world economy. The objective behind this thesis was to identify abundant biomass feedstocks in 
Louisiana which have the potential to be used as a gasification fuel. For gasification applications, 
an ideal biomass feedstock was expected to:  
1) be renewable and readily available in sufficient quantities. 
2) be cost-effectively processed for gasification. 
3) result in sufficient combustible gases (H2 and CO). 
4) be environmentally acceptable (Low NOx, SOx and ash). 
5) have sufficient BTU value to be processed further.  
6) produce low residues in exiting gas (tars and particulates in this case) 
Wang and co-workers (2009) have pointed out that there is a growing market for biofuels 
in the production of briquettes and pellets for domestic purposes, since biomass pellets can be 
used in grate furnaces and fluidized bed combustion while offering advantages, such as easy 
storage and transport, lower pollution, lower dust levels and higher heating values
12
. 
Furthermore, Rhen and co-authors (2007) stated that, the pellets offer the same advantages for 
automation and optimization as the petroleum-derived fuels, but with higher combustion 





Table 1.1 shows the feedstocks which were used in this thesis. The availability of 
biomass feedstocks and rationale behind selecting them are discussed in chapter 2. 


























Gasification could utilize the waste, biomass and byproduct by turning them to 
carbonaceous fuel or char. Gasification Technology Council stated that biomass has heat-
producing capacity; equivalent to that of some common non-renewable resources used for energy 
generation. The environmental benefits of gasification are:  
– Gasification enables the use of domestic coal, petcoke, and biomass to produce electricity 
with significantly reduced environmental impacts compared to traditional combustion 
technologies. 
– Because the SYNGAS is cleaned before combustion, gasification plants produce 
significantly fewer quantities of criteria air pollutants such as nitrogen oxides (NOX) and 
sulfur dioxide (SO2).  
– Gasification enables the recovery of available energy from low-value materials (such as 
petcoke and municipal solid waste), thereby reducing both environmental impacts and 
disposal costs. 
Plant Based Feedstocks Animal Waste Based Feedstocks 
Pine pellets Chicken litter pellets 
Hardwood pellets Dairy manure pellets 
Switchgrass pellets  
Alfalfa pellets  
Bagasse pellets  
Corn pellets  
Cypress mulch  




– The byproducts from gasification (sulfur and slag) are non-hazardous under federal law 
and are readily marketable. 
– Gasification plants use significantly less water than coal combustion plants, and can be 
designed as zero liquid water discharge facilities. 
– CO2 can be captured from a gasification-based plant using commercially proven 
technologies prior to combustion of the SYNGAS in the gas turbines
14
.  
Figure 1.4 shows how a gasification plant works with air or oxygen as gasification agent. 
The economic benefit of gasification is: - It converts low-value feedstocks to high value 
products, thereby increasing the use of available energy while reducing disposal costs
14
. An 
alternate source of energy can mitigate the detrimental effects of using fossil fuels as primary 
source of energy.  The cost of production will come down as logistics are likely to improve with 
higher biomass volumes.  
Figure 1.4: This flowchart shows the basic steps involved in a biomass gasification plant with 





1.3 Research Objective 
The overall objective behind this study was to identify ideal feedstocks for gasification. 
Ten different feedstocks were evaluated for their suitability for gasification. A pilot scale 
biomass gasification unit with a capacity of 40 – 50 lbs. was used for conducting the 
experiments.  Specific objectives of this thesis research are to: 
a) Characterization of the various feedstocks: The feedstocks used in this thesis were 
tested for high heating values, moisture content, density, volatile solids and ash 
percent. These properties indicated whether the feedstocks were suitable to be used as 
a gasification fuel. 
b) Quantify the tars and particulates in the exit syngas: The gravimetric analysis of tars 
and particulates supplements the gasification results and denotes whether or not a 
feedstock qualifies for gasification. The concentration of tars and particulates will 
give an opportunity to understand the behavior of different feedstocks inside the 
gasifier.  
c) Quantify the composition of resulting SYNGAS: The resulting composition of the 
SYNGAS determines heating value, efficiency of conversion, and its value as a 
thermal or chemical feedstock. For the use of SYNGAS as an alternate source of 





CHAPTER 2: LITERATURE REVIEW 
Biomass is abundantly available around the world. According to Biomass Energy Facts 
(2008) biomass has been the fourth largest source of energy worldwide following fossil fuel. The 
School of Renewable Natural Resources at Louisiana State University has compiled records of 
availability of feedstocks in the state. This chapter focuses on some emerging technologies in the 
field of renewable resources and some commonly used gasification technologies
8.
 
2.1 Biomass and Bioenergy Overview 
The current practices on bioenergy have instigated a revolution in energy production and 
studies related to biomass. The initiative to utilize biomass will help industries and communities 
both environmentally and economically. 
 Agrilectric Power, in Lake Charles, utilizes the rice hulls that were produced from 
their farms to produce electricity. The plant consumes 300 tons of rice hulls per 
day, generating 13 megawatts of electricity
15
.  
 Temple-Inland Corporation had a paper mill in Bogalusa that used sawdust and 
logging slash to fire boilers at their plant. After heat was used in the paper 
making process, the excess heat was used to generate electricity, which was 
enough to supply about 60 megawatts or 75% of its annual energy needs
15
. 
 According to Louisiana Biomass and Bioenergy Overview, (2007), Louisiana has 
three major landfills that have been producing bioenergy through the methane 






 Some parishes in the state of Louisiana which produce abundant biomass are 
listed here. Table 2.1 shows approximate dry tons of biomass produced and the 
feedstocks which were used in this thesis.  
 Parishes such as Vernon, Beauregard and Winn contribute to an annual production of 
approximately 70,000 dry tons of pine logging residue
16
.  
 Union, Sabine and Bienville produce pine as well as hardwood logging residue above 
80,000 dry tons16.  
 Vernon, Beauregard and Winn are some of the highest producers of hardwood. These 
parishes contribute approximately 90,000 dry tons to hardwood logging16. 
 Beauregard was the highest rated bark-wood producing parish. The parish produced 
approximately 110,000 dry tons of bark-wood annually. Beauregard has had abundant 
supply of different crop residues and crop by-products which also included sugarcane 
bagasse16. 
 Iberia and Iberville produce 61,250 tons and 20,000 tons of bagasse respectively. 
S No. Feedstock Names Feed Stock Dry tons 
1 Pine 1,122,618 
2 Hardwood 10,951,714 
3 Switchgrass N/A 
4 Alfalfa N/A 
5 Cypress N/A 
6 Bark Nuggets 196,945 
7 Bagasse 163,430 
8 Poultry Litter 273,478 
9 Dairy Manure 47,449 
10 Corn Stover 125,000 
 Total 12,880,634 
N/A = Information Not Available 




2.2 Introduction to Gasification 
According to Souza-Santos (2004) gasification is the process where gaseous species are 
obtained from a solid fuel, through an assembly of chemical reactions and physical 
transformation
17
 .The main components of the gaseous mixture are H2, CO, CO2, H2O, CH4 and 
other hydrocarbons. A more detailed process has been described in this section. 
2.2.1 Drying 
This process occurs at temperatures below 107˚C, resulting in a release of water vapors 
from the surface and the inner pores of the solid fuel. Some of the more volatile organic and 




Lewis and co-authors (1980) stated that pyrolysis is an endothermic process which 
requires heat to drive the chemical reactions that produce SYNGAS comprising mainly of CO 
and H2
19
. According to Wei (2005) biofuels begin to pyrolyze at temperatures above 200°C. The 
proportion of components is influenced by the chemical compositions of biofuels being fed and 
the operating conditions of the gasifier
20
. Pinto and researchers (2009) stated that pyrolysis, also 
known as devolatilization, is a high temperature process that transforms the structure of the solid 
fuel and generates char, tars and gases from the feedstock. The main composition of SYNGAS is 
H2, CO and CH4. Tar fraction includes heavier organic compounds that were gaseous when 
released during pyrolysis or were condensed as liquid drops. Char is composed mainly of carbon 
and the mineral matter present on the solid fuel
18
.  
Wei (2002) explained the process of thermal decomposition as. 




The proportion of various end products is governed by feedstock properties and operating 
parameters. Pyrolysis is used as an independent process or as a pretreatment for gasification.  
Biomass + Heat  H2 + CO +CH4 + other products           (2.5 – 2) 
When concentrating on H2 production: - water – gas shift reaction can be feasible. 
CO + H2O + Heat CO2 + H2                                         (2.5 – 3) 
Oxidation reactions take place when air is injected in the gasification chamber (from the 
sides). 
2.2.3 Combustion 
Combustion is an endothermic process which takes place in presence of oxygen as a 
combustion supporting agent. The product of combustion is mainly heat and CO2. Out of all the 
energy derived from biomass, the majority of energy is currently produced using combustion 
systems. In conventional combustion-based systems, biomass is burned to produce heat, which is 
used to generate steam. The electricity generation efficiency of these systems ranges from about 
20% in older systems to over 30% in newer ones
6
. 
Differences between Gasification and Combustion: Gasification is a controlled form of 
producing SYNGAS, which can be further used in various applications where as combustion is 
purely a heat generating process. 
2.2.4 Gasification 
Brown (1994) stated that gasification describes the process in which oxygen-deficient 
thermal decomposition of organic matter primarily produces synthesis gas. It includes pyrolysis 
and combustion. Gasification has more potential for near-term commercial application than other 
thermochemical processes. Some benefits of gasification over combustion were more flexibility 





. An efficient gasifier will decompose high-molecular-weight 
organic compounds released during pyrolysis into low-molecular-weight, non-condensable 
compounds in a process referred to as tar cracking. Undesirable char that is produced during 
gasification will participate in a series of endothermic reactions at temperatures above 800ºC, 
which converts carbon into a gaseous fuel. Typically gaseous products include: CO, H2, and 
CH4. Fischer Tropsch processes may be used to upgrade gaseous products to liquid fuels through 




Gasification is a proven manufacturing process that converts hydrocarbons such as coal, 
petroleum coke (petcoke) and biomass to a SYNGAS, which could be further processed into 
different forms of energy. Gasification is a partial oxidation process that yields CO and H2. 
Combustion is a complete oxidation process that results in thermal energy (heat), solid waste and 
air pollutants such as NOx, SOx
14
 (Table 2.2). The International Energy Agency (IEA) discussed 
and issued various gas cleaning standards. Graham and co-workers (1996) stated that biomass-
based energy production (bioenergy) generates NOx and SOx emission than certain fossil fuel-
based systems, such as coal and oil.  It also does not create the potential negative environmental 
effect associated with coal mining or nuclear waste disposal
23
. The NERL (Pacific Northwest 
Constituents (of Coal) Gasification Combustion 
Carbon CO CO2 
Hydrogen H2 H2O 
Nitrogen N2 NOX 
Sulfur H2S SO2 
Oxygen — O2 
 
Table 2.2: Difference in gases released when biomass was combusted to when the 






National Laboratory) report mentions various gasification technologies which can be accessed on 
the basis of best productivity and feasible endurance of functional part of the system
6
. 
Gasification technology can accommodate different feedstocks, including waste wood 
from furniture, municipal solid waste, horse bedding pellets (pine pellets used in this project), 
hurricane waste, wasted tree products (cypress mulch and bark nuggets). Table 2.3 shows the 
various reactions occurring inside a gasifier. 
Gasification reactions between carbon and oxygen (1) and (2) were exothermal and as 
long as they occurred in sufficient scale, provided the required energy for driving the pyrolysis 
reactions. The resulting products were CO2 and
 
CO in different proportions. 
According to Boudouard reaction (3), solid carbon may react with CO2 producing 
CO. This is an endothermic process that occurs mainly at temperatures higher than 786.85ºC 
and is inhibited by the presence of CO. 
Water gas reactions (4) and (5), involve solid carbon and water vapor, are 
endothermic and favored by higher temperatures and lower pressures
24
. 
Designation Mechanism Equation # 
Oxidation C + O2  CO2 1 
C + 1/2O2  CO 2 
Boudouard C + CO2  2CO 3 
Water Gas : Primary 
Secondary 
C + H2O  CO + H2 4 
C + 2H2O  CO2 + 2H2 5 
Methanation C + 2H2  CH4 6 
Water – Gas Shift CO + H2O  CO2 + H2 7 
Steam Reforming CH4 + H2O  CO + 3 H2 8 
CH4 + 2H2O  CO2 + 4 H2 9 
CO2 Reforming CH4 + CO2  2 CO + 2H2 10 
H2 Reforming CO + 3 H2CH4 + H2O 11 
 






Methanation or hydrogasification, (6) occurs between carbon and hydrogen. It is 
generally very slow, but favored at higher pressures. Increasing temperature may cause a 
displacement of the chemical equilibrium of the homogenous ―water – gas shift reaction‖ 
(7), between CO, water vapor, hydrogen and CO2. This reaction may have a very clear effect 
on the composition of the obtained gaseous mixture, changing the ratio CO/H2
18
. 
Methane and all other hydrocarbons present in the gas phase may suffer several 
reforming reactions (8) and (10), with either water vapor or CO2, increasing CO, H2 or 
methane concentration. These reactions, being endothermic processes are the cause of 
increasing hydrocarbon concentration that was observed at higher temperature.  
Hydrogen reforming (11) occurs between CO and H2 with the production of methane 
and water vapor. This reaction, while causing an increase of the gas heating value , generally 




2.3 Gasification and Its Technologies 
Gasification, as a technology, could be used to produce cheap consumable gas from by-
products and waste products. In the past, different researchers have concentrated on testing 
different sources of fuel and converting them to valuable energy sources. 
The United States Department of Energy (1999) stated ―gasification technology is bound 
to reduce the hazardous gas emission in the environment producing a wide variety of products, 
which can be used in a number of places. The technology should be able to utilize all carbon 
based feedstock, and of all the available technologies biomass gasification fulfills all these 
requirements to produce a commercial fuel
25
. United States Department of Energy monitored the 
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progress in the field of gasification and concluded that the growth of gasification power touched 
45,001 MWth of SYNGAS output by 2004 at 117 operating plants around the world
26
.  
Zainal and coworkers (2001) demonstrated that the scarcity of fossil fuel in Sweden 
during the era of World War II was the driver behind the domestic hardship and the government 
suffered extreme losses. To recuperate from these losses during the war the government of 
Sweden turned to biomass as major source of alternate fuel to be used in furnaces and boilers. 
Zainal and coworkers explained the setbacks of coal as fuel due to the presence of sulfur
29
. The 
Figure 2.1 showed a pattern of some planned and some unplanned gasification projects since 
1970’s. 
Narvaez and researchers (1996) studied biomass gasification of a small pilot plant in a 
bubbling fluidized bed and effect on the performance of the gasifier
30
. Delgado and co-
researchers (1997) discussed the cleaning of the raw hot gases from a bubbling fluidized bed 
biomass gasifier using cheap calcined minerals or rocks downstream from the gasifier
31
. 






Goldman and co-researchers (1997) demonstrated the possibility of a two-phase counter-
flow concept as a means of providing super adiabatic conditions, which were expected to 
enhance a weak exothermic reactions and endothermic gasification reactions in the reforming 
zone
32
. Paisley and Anson (1997) developed and commercially demonstrated a  high through-put 
gasification-based  power generating system
33
. Overend (1991) stated that the heat load for 
conventional power production using boilers and steam turbines is estimated to be 14.8 to 16.9 
MJ/kWh (14,000 to 16,000 Btu/kWh), which could be reduced by 25% to 35% by resorting to 
integrated gasification combined-cycle for power production schemes
34
. 
There is a great interest in developing and commercializing innovative biomass energy 
conversion technologies due to the importance of biomass in many countries. In the Biomass 
Action Plan – COM 628, the European Commission recommended measures to increase biomass 
use from 69 Mtoe (Million Tons of Oil Equivalent) in 2003 to about 150 Mtoe in 2010. Biomass 
gasification may play an important role in achieving this goal as the gases produced after 
cleaning procedures can substitute for fossil fuels in conventional and advance energy 
conversion devices and can also be used as SYNGAS
35
. 
Stiegel and co-authors (2001), who monitored the fuel processing technologies which are 
under development or are currently operating, found that in 2001 there were 128 plants 
worldwide, with 366 operating gasifiers. It was projected that by 2006, an additional 33 plants 
with 48 gasifiers were expected to venture, adding another 18,000 MWth of SYNGAS capacity. 
Most of the new growth occurred in the developing nations in the Pacific Rim. The second 
largest growth of such plants was projected to be in Western Europe, where refineries would 
need to fully utilize the available feedstock while reducing fuel oil production. It was also stated 





Marechal and co-authors (2005) studied energy projects in Switzerland and found that 
many were running on residential wood supply. One such project was ―From Wood to Methane” 
which involved several academic institutes such as the Paul Scherer Institute, PSI; the Ecole 
Polytechnique Fe´de´ rale de Lausanne, EPFL; and the Swiss Federal Laboratories for Materials 
Testing and Research (EMPA) and one private partner. The aim of the Swiss project was to 
develop a 10-20 MWth semi-industrial plant to produce SYNGAS from wood whose quality 
matches natural gas and then transported by existing high pressure Swiss Natural Gas Network
37
. 
Table 2.4 shows some major gasification projects around the world and gives an approximate 
energy produced by each. 
Country  Biomass Gasification Technology  
Austria 
8 MWth TUV FICFB BMG CHP demonstration at Gussing 
2 MWth down-draft BMG CHP at demonstration at Wr. Neustadt 
Belgium Up to 600 k We for small-scale power, Xylowatt sa 
Canada 
50 MWth for synthesis gas/MeOH, Biosyn 
Uo ti 13 MWth for co-firing, Nexterra 
Denmark 
5 MWth VØlund up draft CHP demonstration at HarbØre 
70 KWth, Viking 2-stage gasification and pwer generation at Lyngby 3 + 
MWth, TK energi 3 stage, gasification process demonstration at GjØl (an 
833 KWth plant is demonstrated in Japan) 
30 MWth Carbon Renugas fluiaized bed CHP demonstrated at Skive 
Finland 
4 to 5 MWth Bioneer up-draft gasifier ( 8 in Finland and one in Sweden) 
60 MWth, Foster Wheeler Energy CFB co-firing plant at Lathi (50 to 86 
MWth co-firing plant in Ruien, Belgium) 
40 MWth Foster Wheeler Energy fluidized bed metal recovery gasifier in 
Varkaus 
7 MWth NOVEL Up draft demonstration at Kokemaki 
1.8 MWe + 3.3 MWth for CHP, NOVEL 
Germany 
130 MWth commercial waste to methanol plant at Schwarze Pumpe 
100 MWth Lurgi CFB gasifier firing cement kiln at Rudersdorf 
.5 MWth Fraunhofer Umsich CFB pilot plant at Oberhausen 
MWth CHOREN Carbo – V 2 – stage entrained pilot plant in Freiberg 
3-5 MWth Future Energy pyrolysis/entrained flow GSP gasifier in Freiberg 
75 MWe and MeOH, Future Energy 
Italy 
15 MWth TPS CFB RDF plant at Greve in Chianti 
500 KWth ENEA CFBG pilot plant at Trisaia (similar plant in  operation in 






2.4 Feedstocks Tested for Gasification 
Ferreira and co-authors (1994) stated that United Kingdom was using different feedstocks 
and energy plantation such as willow trees and euohorbia characias for experiments. They also 
talked about using poplar, sorghum and miscanthus in Netherlands, of which miscanthus and 
China) 
Netherkabds 
85 MWth AMER/Esent/Lurgi CFB gasification co-firing plant at 
Geertruidengerg, 
Biomass co-gasification at 250 MWe (35 MWe from biomass) Shell 
entrained coal gasification plat at Willem- Alesander Centrale 
3 MWth CFBG Plant in Tzum NL 
Several pilot plants at ECN, Petten 
~30% of 250 MWe, Shell/ Buggenum (co-gasification) 
~50% of (4x300) MWe, Shell/ Magnum 
New Zeland 
Fluidyne commercial down-draft gasification plant (2 MWe Plant in Canada) 
AB Powerhearth Ltd down-draft BMG (3 MWe plant in Maine, USA) 
2 MWth Page Macrae updaraft BMG plant at Tauranga 
Sweden 
Bioneer up-draft BMG plant 
6 MWe, 9 MWth for CHP, Bioflow 
30 MWth Foster Wheeler Energy CFBG at Karlsbog paper mill 
20 MWth Foster Wheeler Energy CFBG at Norrsudet paper mill  
30 MWth Gotaverken CFBG at Sodracell paper mill 
18 MWth Bioflow/Sydraft/Foster Wheeler Energy CHP demonstration at 
Varnamo 
Switzerland 
200 KWe Pyroforce down draft BMG system at Spiez (scale-up to 1 MWe 
plant in Austria) 
UK 
100 KWe Rural Generaton downdraft BMG system in Northern Ireland 
Upto 250 KWe Bimass Engineering Ltd., down draft BMG CHO system in 
Northern Ireland 
Upto 300 KWe Exus Energy down draft BMG CHP system in Northern 
Ireland 
Charlton Energy rotary kiln waste gasification in Gloucestershire 
Compact Power two-stage waste gasification plant in Bristol 
USA 
Upto 120 MWth Primenergy gasification/combustion system (6 in USA and 
1 in Italy) 
Upto 22 KWe Community Power Corporation small modular down draft 
gasification system 
FERCo SilvaGas dual CFBG process 
RENUGAS fluidized bed BMG process 
Integrated TCC+Biologaical Conversion 11.5 million Gas of EtOH/year, 
Taylor Gasification. 
 
Table 2.4 Contd.  
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sorghum are C4 crops characterized by high rate of carbon assimilation
38
. According to Sims 




Zainal and researchers (2002) studied the behavior of a downdraft biomass gasifier using 
furniture wood and wood chips. The studies explained the effect of equivalence ratio on gas 
composition, calorific value and the gas production rate
21
. His and coworkers (2008) 
experimented on a downdraft biomass gasifier for the characteristics using red lauan and white 
lauan wood cubes of 15 x 15 x 15 mm as fuel
40
. The successful gasification of black liquor and 
waste biomass could improve energy self-sufficiency and help achieve reduced levels of 
emissions to the air. Bailey and co-authors (2000) demonstrated  efficient electrical conversion 
of black liquor using  gasification  when combined with clean-up technologies and gas turbines. 
The authors also studied the development of gas clean-up technologies for gas turbines that run 
on waste streams. More cost-effective options can be derived by combining gas clean – up 
technologies when using diversified feedstock in gasification process.  By combining clean-up 
technologies with gasification processes, the chemical industry will benefit from a diversified 
fuel feedstock, and more cost-effective options were described
41
.  
According to United States Department of Commerce (2000) across all facilities in SIC 
26 (Standard Industrial Classification, 9914 business), the pulp, paper, and allied products 
industry is the largest consumer of process water and the third largest consumer of energy 
(behind the chemicals and metals industries)
42
. Narvaez and co-workers (1996) suggested that 
the waste produced from paper and pulp industries was either used in heating up the boilers or 
was discarded due to low productive quality which contributes to lowering the cost efficiency. 
The practice of self-sufficiency was more applicable to paper and pulp industries as they were 
ranked number four in the country for fossil fuel consumption
43
. Stiegel and co-workers stated 
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that paper and pulp industries could be counted as a major contributor to the emergence of 
gasification technologies in the state
36
. 
The production of CO, H2 and CH4 at a constant rate may act as a sustainable energy 
source for industrial purpose. Texaco Express Lubes, a multi-million dollar corporation, made 
use of gasification for extracting SYNGAS from the sludge (silicon beds)
44
. 
2.4.1 Characteristics of Feedstocks Studied 
Hughes and Larson (1997) modeled a simulation to show effect of varying moisture 
content in the feed of a biomass gasifier
45
. Jorapur and Rajvanshi (1997) reported the 
commercial scale (300 kW) development of a gasifier making use of low-density biomass (sugar 
cane leaves and bagasse, bajra stalks, sweet sorghum stalks). They concluded that preheating the 
air can shorten the time required for attaining the steady state. The variable operating parameters 
used or modified in their thesis were air flow rate, air preheating temperatures, air/fuel ratio, fuel 
moisture content (which affected fuel conversion rate), specific gasification rate, gas heating 




Skoulou and co-authors (2008) compared the gasification characteristics of olive tree 
cuttings and olive kernels and discovered that olive tree cuttings have higher LHV to those of 
olive kernels and that olive kernels produced higher char sand content of fixed carbons
. 
Further 
in their study they observed that, various factors such as ash, moisture content and volatile solids 






2.5 Different Gasifier Designs 
There are many different types of gasification technologies available for converting 
woody biomass to SYNGAS, primary of which are the fixed bed, fluidized bed and circulating 
bed biomass gasifier. Olofsson (2005) described the following sections where description of 
different designs has been discussed
48
. 
2.5.1 Fixed-Bed Biomass Gasifier 
a) Up-Draft Biomass Gasifier 
Fuel is fed at the top and the gasifying medium (air or oxygen and/or steam) is introduced 
at the bottom and producer gas is drawn up through the fuel (Figure 2.2). Air is supplied through 
a grate on which fuel rests. Complete combustion takes place at the bottom of the bed in the 
Figure 2.2: Up-draft biomass gasifier: Fuel enters from the top and air is injected from the 





oxidation zone where CO2
 
and H2O are formed at 1000°C. The hot gases are then passed through 
the reduction zone where these gases are reduced to H2 and CO and cooled to 750°C. Further up 
the bed the reduced gases pyrolyze the downward flowing biomass which forms large amounts 
of tars and other products of incomplete gasification (PIG). Finally the gases dried the incoming 
wet biomass and leave the reactor at ~500°C
48
. 
b) Down-Draft Biomass Gasifier 
Fuel is fed from the top of the gasifier and the gasifying medium is introduced into a 
downward flowing packed bed (Figure 2.3). The SYNGAS is then drawn off near the bottom. 
This gasifier has relatively distinct oxidation, reduction, pyrolysis and drying zones. The 
downdraft gasifiers normally reaches relatively low tar levels since the tar produced in the 
Figure 2.3: Down-draft biomass gasifier. Fuel enters from the top and air is injected 





pyrolysis stage is thermally cracked when it passes through the homogenous high-temperature 
combustion zone. However, in practice this is hard to achieve since the tar slipped through the 
―cold‖ parts of the combustion/oxidation zone without being converted to char or gaseous fuel. 
Another drawback of this system is that a large portion of the fuel-energy is converted into heat 
with a low heating value SYNGAS
48
. 
2.5.2 Fluidized-Bed Biomass Gasifier 
a) Bubbling Fluidized-Bed Gasifier (BFBG) 
The fuel is fed into or above the sand bed and the gasification agent is introduced from 
the bottom at speeds of 2-3 m/s which results in bubbles which travel up through the bed (Figure 
2.4). The speed of the fluidizing agent is of great importance for the size and speeds of the 
Figure 2.4: Bubbling fluidized-bed gasifier. Fuel is fed from the top. Design is complex 





bubbles and influences the mixing and heat exchange between the fuel particles. The SYNGAS 




b) Circulating Fluidized-Bed Gasifier (CFBG) 
Fuel is fed into the sand bed and the gasifying medium is introduced from the bottom at 
speeds of 5-10 m/s (Figure 2.5).This is sufficient to suspend the bed particles throughout the 
entire reactor, causing a portion of the sand and char to exit the reactor along with the producer 
gas stream. The ―entrained‖ particles which accompany the gas out of the gasifier unit are 




Figure 2.5: Circulating fluidized-bed gasifier: Fuel is injected at the center and the gasification 
agent is injected at the center. Design is complicated and high quality of tars and particulates 





2.5.3 Entrained Flow-Down Flow Gasifier 
Fuel, as gas, solid powder or slurry, is mixed with a steam/oxygen stream and is 
converted in a turbulent powdered flame at high temperatures (above 1200°C) in a very short 
time (a few seconds) (Figure 2.6). At these high temperatures, an almost tar-free SYNGAS and a 
leach-resistant molten slag are produced. This technology is applied at moderate pressures in 
combination with fine fuel powders for sufficient carbon conversion. The hot gas flows 
downwards into a radiant SYNGAS cooler where high pressure steam is produced. The 
SYNGAS is passed over the surface of a pool of water at the bottom of the radiant SYNGAS 
cooler and exits the vessel. Slag is dropped into the water pool and is fed from the radiant 
SYNGAS cooler sump to a lock hopper
48
. Table 2.5 shows some complexities, advantages and 
disadvantages of using these technologies. 
Figure 2.6: Entrained flow – down flow gasifier: Fuel is fed from the top and gasification agent 




















Fuel Fed Top Top Top Center Top 
Combustion Zone Bottom Center N/A N/A N/A 
Reduction Zone Center Bottom N/A N/A N/A 
Pyrolysis Zone Top Top N/A N/A N/A 
Drying Zone Top Top N/A N/A N/A 
Oxidation/Combustion 
Zone 
Bottom Center N/A Top Top 














Shape, Size And 







Not Critical Critical 
Design Simple Simple Complex Complex Complex 
Composition Of Gas 
(HHV) 
Good Average Poor N/A Good 







Good / Tar 
Free 
Quantity Of Tars High Average High High Low 
Process Optimization Poor Poor N/A Good Good 
Carbon Conversion 
Rate 
Good Average High Average High 







Table 2.5: Different gasifier designs and the characteristics which affect the production of 
SYNGAS from these designs
48
. 
**N/A = not available 
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CHAPTER 3: GASIFICATION METHODOLOGY 
A down draft biomass gasifier was used to conduct all the experiments at Louisiana State 
University. Six thermocouples were inserted in the gasification unit for temperature 
measurements. Two thermocouples (Thermo 7 and Thermo 8) were inserted on the flaring unit to 
record the temperatures of the exiting gas. Two oxygen sensors were used, first inside the 
gasification chamber and the second at exiting path below the flaring unit (Figure 3.1). 
3.1 Gasifier Description 
The gasifier used in this analysis was an experimental prototype, pilot scale and batch fed 
down-draft biomass gasifier. It had a capacity to hold approximately 40 – 50 lbs. feedstock. The 
gasifier consists of three major parts ––  
1 Gasification Unit 
2 Sampling  Unit 
3 Flaring  Unit 
3.1.1 Gasification Unit 
Figure 3.1 shows a schematic the gasification system used for this study.  Feedstock was 
fed manually through two 6‖ dia. stainless steel knife gates, which served as an airlock system. 
The gasification unit was capable of holding 40 – 50 lb. of feedstock and could be fed again in 
small batches of 10 – 12 lb. of feedstock. The feedstock rested on a metal mesh which hung 
firmly from two ends and was connected by detachable hooks on the other two sides for cleaning 
ash.  A low pressure blower supplied the gasification agent (ambient air) to the four air intake 
ports (shown in Figure 3.1). The biomass feeding rate was dictated by the density of the 
feedstock and the rate of air intake. 
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3.1.2 Sampling Unit 
A sampling unit was used to collect samples of tars and particulates in the SYNGAS 
during a gasification run.   A vacuum pump () was used to draw a small flow (approximately 10 
SCFH) from a slip-stream (shown in Figure 3.1).  The sampling unit consisted of an oven 
maintained at 250˚C, a Millipore stainless steel pressure filter holder, a 0.7 μm 90 mm Ø filter 
(Whatman: GF/F Cat No 1825 090), 1/8‖ copper tubing and four acetone bottles for tar 
collection (Figure 3.2). 
The particulate collection system employed a glass fiber filter, placed in a stainless steel 
Millipore pressure filter holder assembly (cat # YY3009000). This filter was used because of its 
Figure 3.1: Gasification Unit. The central unit houses the thermocouples. The air intake on 
the sides provided the gasification agent (air). The feed gates were used to feed feedstock into 
the gasification unit in a batch process. The thermocouples on the gas exiting end and oxygen 
sensors inside and outside are also shown. 
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tight specifications of 0.6 µm - 0.8 µm particle retention and pure borosilicate glass structure
49
. 
The filter holder and the filter were kept in an oven maintained at 250˚C to minimize 
condensation of tars. The SYNGAS produced in the gasifier was drawn from the sampling port, 
through 1/8‖ copper tubing, filter holder assembly and  a series of acetone bottles to dissolve any 
tars.  The particulates and tars were quantified gravimetrically (described in section 3.3.4). 
3.1.3 Flaring Unit 
A flaring unit was used to safely dispose the large quantities of SYNGAS (~245 CFM) 
produced by the gasifier (Figure 3.3).  Two thermocouples and an oxygen sensor were attached 
in the flaring unit to monitor exit gas temperatures and to indicate the presence of any oxygen.  
As an extra measure of safety, a second oxygen sensor was added near the grate area of the 
gasifier.  To prevent any internal flash explosions, the flare was lit only after the oxygen levels 
dropped to zero (or undetectable) at both the oxygen sensors.  Additionally, to prevent any back 
flash during the operation of the flare, a wire-mesh type of back flash arrestor was installed on 
Figure 3.2: Sampling Unit. The filter paper is used to trap particulates and acetone bottles 
are used to dissolve tars 
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the pipe carrying SYNGAS to the flaring unit (shown in Figure 3.3).  Typically, commercial 




3.2 Gas Composition Quantification 
Gas Chromatography was done with the help of SRI Instruments® Gas Chromatographer 
8610 C (Figure 3.4), with helium as the carrier gas were studied. The analytical performance of 
the detector for the determination of some permanent gases such as H2, N2, O2, Air, CO, CO2 and 
CH4 was proven to be ideal when helium was the carrier gas
51
. Predetermined peaks shown in 
Figure 3.5 represent the composition of SYNGAS. 
Figure 3.3: Down-draft biomass gasifier at Louisiana State University. A) Gasification Unit: 
The feed was fed in this unit. It also shows the thermocouples. B) Sampling Unit: Figure 3.2. 




For this analysis the GC was pre-heated for approximately 20 minutes. Collected 
Figure 3.5: GC output of the representative SYNGAS: First peak – H2, Second peak – O2, 
Third peak – N2, Fourth peak – CO, Fifth for – CH4 and the sixth peak for CO2  
 
Figure 3.4: SRI Instruments® Gas Chromatographer 8610 C– The gas was injected via 




SYNGAS was injected in the input port with a 10ml syringe. The GC was initiated from 40˚C to 
reach a temperature of 160˚C in a 9-minute analysis interval.  
3.3 Testing of Feedstock Characteristics 
Six different parameters were tested to evaluate the thermal and physical properties of the 
various feedstocks. 
3.3.1 High Heating Value (HHV) or Calorific Value of Feedstocks 
Sheng and co-authors (2004) define heating value, also called calorific value or heat of 
combustion, as the energy content of a biomass fuel
52
. Anuradda and co-authors (1996) stated 
that the heating value was necessary to determine the suitability of biomass for pyrolysis, 
carbonization, liquefaction and gasification
53
.   
Bomb calorimetry was performed by following the ASTM D2015 standard method. Parr 
Instruments® 1108 Oxygen Bomb was used to perform calorimetry analysis (Figure 3.6). The 
bomb was filled with 60 psi of oxygen. A fuse wire was connected between the two electrodes of 
Figure 3.6: 1108 Oxygen Bomb: The chamber is filled and sealed with approximately 60 psi 
of O2.  A sparking current is passed through the two electrodes for creating the explosion 




the bomb. It was then fired with the help of an electric source to produce a spark inside the bomb 
which combusted the fuel. This bomb was immersed in a water jacket (Figure 3.7). A 
thermocouple was attached to the water jacket which recorded the temperature of water due to 
the heat released by the feedstock. Gross heat was calculated by using a template provided by 
Parr Instruments®. The formula used in this template is shown below. 
HHV = ((T * Ec) – Yh – Yh2 – Yf)  kcal/kg  (3.3 – 1) 
m                                    
where,  
HHVbtu = HHV * 1.8 btu/lb 
T = difference in minimum and maximum temperature. (ºC) 
 Ec = Energy Equivalent of the calorimeter, determined under standardization. 
 Yh = Correction in calories for heat of formation of nitric acid (HNO3). 
 Yh2 = Correction in calories for heat of formation of sulfuric acid (H2SO4). 
  Yf = Correction in calories for heat of combustion of fuse wire. (cal) 
m = mass of the fuel/feedstock (lb). 
HHVbtu= High Heating value (btu/lb). 
Figure 3.7: Bomb Calorimetry for calculation of high heating value 
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3.3.2 Density and Moisture Percentage 
Moisture content of the fuel is referred to as inherent moisture plus surface moisture. 
Higher moisture contents reduce the thermal efficiency of the gasifier and result in low gas 
heating values. Igniting the fuel with higher moisture content becomes increasingly difficult and 
the gas quality and the yield are also poor
54
. Moisture of the feedstocks was calculated using 
ASTM D4442–07 standard test method for direct moisture content of wood. 
a) Density 
Density was determined from the following equation: 
D = M     (3.3 – 2) 
       V                                    
where,  
M = mass of the feed (kg) 
V = Volume (m
3
) 
D = Density (Kg/m
3
) 
Ten samples were tested for finding the density and moisture content of the feedstock. 
Volume and mass of the feedstocks were measured and placed in the oven. The difference in 
masses (before and after oven drying) was used to calculate the density and moisture percentage 
using equations 3.3 – 2 and 3.3 – 3. 
b) Moisture 
                 M% = (m0 – m1) * 100 %                 (3.3 – 3) 
       m1              
where,  
M %= Moisture of the pellet, (%) 
m₀ = Mass of the pellet before oven drying, (g) 
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Figure 3.8: Ash obtained 
after furnace treatment for 
volatile solids and ash 
percentage of different 
feedstock bagasse. 
m₁ = Mass of the pellet after oven drying, (g) (103˚C ± 2 for 2 hrs.) 
3.3.3 Volatile Solids and Ash Percentage 
Volatile solids are defined as solids which are lost on 
ignition at 550˚C. Analysis of Volatile solids was used to 
quantify the organic weight present in the feedstock. This 
analysis was performed on ten samples from each feedstock 
following the ASTM E1755-01 standards. 
The dried samples were placed inside a muffle furnace 
at 550°C for 30 minutes and the gravimetric analysis was used 
to determine the ash  and volatile solid fractions of a feedstock 
using equations 3.3 – 3 and 3.3 – 4 respectively. Figure 3.8 
show a sample of bagasse pellets after they were weighed for 
gravimetric analysis.  
Ash content was calculated following ASTM D1102 – 84. Ash percent and volatile solids 
helped in determining whether or not the feedstock was capable of sustaining a complete 
gasification experiment. 
a) Ash Percentage 
A% = (mash – mcont) * 100 %                              (3.3 – 4) 
      ms  
where,  
A% = Percentage of Ash, (%) 
mash = Mass of ash and container, (g) 
mcont = Tare mass of container, (g), 
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ms = mass of moisture free solids in the prepared biomass sample, (g) 
b) Volatile Solids 
VS % = (m0 – m1) * 100 %                                (3.3 – 5) 
            m0  
where, 
VS% = Volatile Solids Percentage, (%) 
m0 = Dry Mass of the pellet, (g) 
m1 = Mass of the ash after furnace treatment, (g)  
The density, moisture content ash percent and volatile solids of all the tested feedstock 
are represented in the appendix A 1.1. 
3.3.4 Analysis of Tars and Particulates 
Gravimetric analysis of tars and particulates was conducted on the samples recovered 
from the sampling unit (Figure 3.2) during the gasification experiments. To keep the tars from 
condensing in the exhaust lines, the exhaust lines were insulated to maintain elevated 
temperature. Pinto and coworkers (2009) identified the production of tars in SYNGAS as one of 
the main challenges of current gasification studies. Their aim was to achieve the production of 
SYNGAS with the right characteristics to allow its use in motors, turbines or fuel cells, which 






Tar and particulate samples were collected during gasification in triplicate as follows:  
A new, pre-weighted GF/F and 200 ml of acetone, divided in four air sealed bottles, were 
placed in the sampling unit as shown in Figure 3.2. 
The oven containing the GF/F was placed was pre-heated and maintained at 250˚C.  
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The collection of tars and particulates was done when Thermo 2 (Figure 3.1) reached 
approximately 650˚C. The sampling was started with a vacuum pump, connected after the 
acetone-bottles of the tar sampling unit. The flow gas through the sampling unit was regulated to 
10 scfh (standard cubic feet per hour) for 30 minutes per sample.  
This sampling procedure was repeated three times in a single gasification experiment to 
obtain a set of triplicate samples.  
Determination of particulates concentration: GF/F was placed in an aluminum pan, 
which was placed in an oven at 105˚C for 2 hours. The aluminum pan was cooled in a desiccator 
for 30 minutes.  The GF/F was weighed for gravimetric analysis to get the concentration of 
particulates. 
Determination of tar concentration: 200 ml of acetone was reduced to 10 ml in a 
rotovap. This 10 ml of acetone was evaporated under a fume hood in a pre – weighed aluminum 
pan was dried in an oven at 105˚C for 2 hours. The pan was measured for gravimetric analysis. 
Concentrations of tars and particulates were calculated using equations 3.3-6 and 3.3-7. In this 
analysis, deposition is defined as: 
Deposition on GF/F and Aluminum Pans 
Dgff = (W0 – W1)    g/Nm
3
                             (3.3 – 6) 
     V  
where, 
W0 = weight of the GF/F or pan before, (g) 
W1 = weight of the GF/F or pan after, (g) 
V = Volume of gas passing, (cfm) 





Volume of gas passing the sampling unit was measured with a SCFH (Standard Cubic 
Flow per Hour) flow meter. The conversion of SCFH (Cubic Foot / hour) to CFM (Cubic Foot / 
min) is shown in equation 3.3 – 7 through 3.10. 
          V = (10 ft
3
 * (0.3048 m)
3
 )*  (30/60) hr     (3.3 –7) 
1 hr * ft
3
                           
3.3.5 Use of Tar Cracking Catalyst 
An analysis with a tar cracking catalyst was performed to understand the effect of catalyst 
on the tars produced by a feedstock (pine alone was tested because of limited availability of 
catalyst). Figures 3.9 through 3.11 shows the microscopic images of the surface of the catalyst at 
temperatures 450˚C, 550˚C and 650˚C. The surface of the catalyst was scanned for any 
deformations. The catalyst was placed in a furnace at 300˚C in a 9 cm long metal tube of 2.5 cm 
diameter. Two meshes of similar diameter were placed at each end of the tube for keeping the 
catalyst in place. 40 mg of a proprietary catalyst (Albemarle Alumina Extrudates) was packed in 
the tube and the flow of gas, with the help of the vacuum pump, was maintained at 10 SCFH 
(1.6666 cfm). The whole assembly was placed between the exiting port on the gasifier and 
particulate collection unit of the sampling unit.  
Once the vacuum pump was switch on the collection of tars and particulates was done by 
following the procedure mentioned in section 3.3.4. The gravimetric analysis of collected tars 
and particulates was also done following the same procedure as mentioned above (section 3.3.4) 
3.4 Analysis of Temperature Profile and Oxygen Sensor Reading 
a) Temperature Profiles 
A gasification temperature profile depends on density, moisture, ash percentage, BTU 
value and volatile solids of feedstock. It also depends on gasifier construction, insulation quality, 
39 
 
positioning of thermocouples inside the gasification chamber and air flow inside the gasification 
unit. 
Table 2.3 shows the various gasification reactions and illustrates the various exothermic 
and endothermic processes inside the gasifier. A temperature profile was helpful in analyzing the 
different mechanisms inside a gasifier such as oxidation zone, pyrolysis zone and reduction zone. 
At temperatures above 750-800°C, the endothermic nature of the H2 production reactions (steam 
reforming and water-gas reactions) results in an increase in H2 content and a decrease in CH4 
content with an increase in temperature. At temperatures above 850-900 °C, both steam 
reforming and the Boudouard reactions dominate, resulting in increases in CO content. High 
temperature also favors destruction and reforming of tar leading to a decrease in tar content and 
an increase in gas yield
55
. Different feedstocks were analyzed in this thesis for their temperature 
profiles for better understanding of their behavior inside a gasification chamber.  
b) Oxygen Sensor Profile 
Oxygen profiles from different feedstocks were employed for safety reasons and to check 
for leakages. Two oxygen sensors from a catalytic convertor of a regular automobile were used 
to measure the level of oxygen inside the chamber. These oxygen sensors monitored the amount 
of oxygen left in the gasification chamber and the exiting gas pipeline. A light on the display 
panel turned red indicating the chamber and exiting pipeline were depleted of oxygen.  This 
indicated that gasification has initiated and it is safe to light the flaring unit.  
For safety reasons these oxygen sensors were placed in two different spots. This 
precaution was taken in case of a failure of one of the two oxygen sensors. 
1) Inside the gasification unit  
2) In the pipeline leading to flaring unit. 
40 
 
3.5 Ultimate and Proximate Analysis  
Every biomass has carbon, hydrogen and oxygen in major quantities. These are 
represented as ultimate analysis. The chemical formula for the biomass is generally represented 
by CXHYOZ
66
. Raveendran and co-workers (1995) reported the results of studies on the effect of 
mineral matter present in biomass on the pyrolysis characteristics, product distribution and 
product properties.  It was stated that, the main elemental constituents of biomass minerals are 
Si, Ca, K, Na and Mg, with smaller amounts of S, P, Fe, Mn and Al. These constituents occur as 
oxides, silicates, carbonates, sulfates, chlorides and phosphates
56
. 
Ultimate and proximate analysis helped in quantifying the feedstocks as a gasifying or a 
non-gasifying fuel. The presence of N, P and K signifies the inorganic material present in the 
feedstock. During thermo chemical processing of biomass, most of the nitrogen and sulfur are 
released into the atmosphere whereas much of the phosphorus and potassium remain in the ash
57
. 
Raveeendran and coworkers also stated small amounts of inorganic material, as is present in the 
biomass, are sufficient to alter the pyrolysis behavior to a large extent
56
. This analysis was 
conducted at the LSU Agcenter’s W.A. Callegari Environmental Center. 
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CHAPTER 4: RESULTS AND DISCUSSIONS  
4.1 Introduction 
Louisiana has a wide variety of feedstocks and biomass resources, which can be used as a 
fuel for gasification. As an example, the paper industry alone produces over 8.5 million wet tons 
of waste annually
9
. Ten different feedstocks/wastes were used for biomass gasification and were 
analyzed for their different physical and thermal properties. These analyses helped in assessing 
their suitability to be used as a gasification fuel. This chapter discusses the results from 8 
different feedstock pellets (pine, hardwood, corn stover, alfalfa, switchgrass, sugarcane bagasse, 
dairy manure and poultry litter) and two raw plant-based feedstocks (cypress mulch and pine 
bark nuggets). 
Based on the experiments conducted on the gasifier used in this research and laboratory 
analysis of the feedstocks some observations were noted which qualified different feedstocks as 
gasification and non – gasification fuel. Some of these observations are mentioned below. 
a) Characteristics of an optimum gasification fuel: It was observed that the SYNGAS 
which consisted of  > 18% CO and > 15% H2 resulted in a steady flame resulted. 
b) Ash content of an ideal feedstock: Feedstocks which had < 5-7% ash yielded 
SYNGAS with a gas composition of > 19% CO and > 15% H2. High ash was 
observed in feedstocks with higher inorganic composition. The ultimate and 
proximate analysis of different feedstocks demonstrated high inorganic composition 
in feedstocks such as alfalfa, switchgrass, dairy manure and poultry litter. Off these 
feedstocks alfalfa failed to gasify and produce optimum quality SYNGAS (other 
feedstocks (switchgrass, dairy manure and poultry litter) were not tested in the 
gasifier due to unavailability). 
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On the other hand feedstocks with high volatile solids resulted in the production of 
optimum quality SYNGAS (low concentration of tars and particulates). 
c) Moisture content of an ideal feedstock: Feedstocks with moisture content < 7% were 
considered ideal for gasification and resulted in SYNGAS with >19% CO and >15% 
H2. It was observed that high moisture content affected the quality of producer gas. 
High tar concentration and extracts were observed in case of feedstocks with high 
moisture content. On the other hand, low moisture content > 3% resulted in fast 
gasification/combustion of feedstock and high feed rate was noted in that case. 
d) Tar and particulate concentration in SYNGAS: The quality of SYNGAS was an 
important parameter when considering the concentration of tars and particulates in a 
gasification experiment with different feedstocks. The gravimetric analysis of tar and 
particulate concentration was affected by the inorganic material present on the 
feedstocks. High ash concentration in different feedstocks also affected the 
concentration of tars and particulates. Feedstock such as alfalfa resulted in high tar 
concentration and proximate analysis of alfalfa also showed high concentrations of 
potassium and phosphorous. Feedstocks with higher than 2000 mg/kg of potassium 
made a feedstock incapable of testing as a gasification fuel. 
4.2 Composition of SYNGAS Generated from Various Feedstocks 
McKendry P (2001) indicated that fuel with moisture content above 30% makes ignition 
difficult and reduces the calorific value of the product gas. For this reason, it was necessary to 
evaporate the additional moisture before combustion/gasification can occur
58
. Higher moisture 
content will increase H2 and CH4 but will lower CO however the gain in H2 and CH4 in  the 
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product gas does not compensate for energy lost due to reduced CO content of the gas and 
therefore gives a product gas with a lower calorific value
58
.  
Pine pellets resulted in gas composition of approximately 18.26% ± 1.59% H2 and 
18.02% ± 2.92% CO. These results were supported by the hypothesis that adequate combustible 
gas composition sustains a flare in the flaring unit. Banapurmath and co–authors (2009) also 
experienced a similar gas composition of 19% ± 3% CO and 18% ± 2% H2 in a down – draft 
biomass gasifier used to produce approximately 17MWth electricity
60
. Chawdhury and co-authors 
(2010) investigated the production of syngas from wood pellets and discovered the production of 
CO was between 19 to 22% and the production of H2 was between 12 to 19 %
62
. Feedstocks 
which produced 15% of CO and 13% of H2 were considered acceptable for gasification. Figure 
4.1 shows the percentages of gases produced during gasification of pine pellets. 
Alfalfa resulted in low H2 (<7.8%) and CO (<11.36%) because of high nutrient contents 
(figure 4.2). Boateng and co-authors (2006) tested alfalfa stem for pyrolysis and discovered that 
Figure 4.1: Composition of different gases in SYNGAS. Gasification of pine pellets resulted in 
almost 40% combustible gases. 
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the percentage of CO produced was not more than 15% at 600˚C
63
. The alfalfa pellets tested for 
gasification in this research also resulted in less than 13% CO at 600˚C. Corn produced low 
percent of H2 than cypress mulch. Factors which determined ideal characteristics of a gasification 
fuel did not qualify alfalfa, bark nugget and mulch as a gasification fuel, therefore, using alfalfa, 
bark nugget and mulch for CO production is not recommended, as their yield of CO was less 
than 13%. Tavasoli and co-authors (2009) found a similar pattern of 12% of H2 and 16% of CO 
production when corn was tested in a downdraft gasifier
64
. Figure 4.2 shows an approximate 
percent of gases present in the composition of SYNGAS produced while testing the feedstocks 
for gasification. 
Overall, highest combustible gases were generated by pine pellets (>18 % CO and 19 % 
H2). These results were helpful in considering pine pellets to be an optimum fuel for SYNGAS 
production. Other analyses such as calorific value and volatile solids supported this result, as 
presented in the next paragraphs. 
Figure 4.2: Comparison of different constituents of SYNGAS. Feedstocks with higher SYNGAS 
composition (>16% H2 and > 17% CO) were suitable for generating fuel. 
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4.3 Characterization of Feedstocks 
Anuradda and co-authors (1996) stated that the knowledge of various properties of 
biomass pyrolysis products relevant for energy conversion was essential for identifying the 
optimum utilization of each product
53
. Feedstock analysis and identification of its characteristics 
was an important aspect of gasification. Series of tests performed on different feedstocks helped 
in determining their characteristics. These tests were: 
a) Finding the high heating value (HHV) or calorific value. 
b) Finding the density. 
c) Calculating the moisture content. 
d) Calculating the volatile solid suspension (VSS). 
e) Calculating the ash percentage. 
f) Finding the nitrogen phosphorous & potassium content. 
4.3.1 Calorific Value or High Heating Value – Bomb Calorimetry of 
Feedstocks 
Calorific values of feedstocks were calculated from equation 3.3–1. Figure 4.3 shows the 
comparison of heating values generated by different feedstocks when tested in a bomb 
calorimeter. 
Highest calorific value of approximately 8000 btu/lb. resulted from bomb calorimetry of 
pine pellets. This value is in agreement with the findings of Gil and coworkers (2010), who 
tested various feedstocks for their mechanical and combustion behavior and found that pine 
yielded in approximately 8300 btu/lb
65
. Calorimetry of bagasse yielded in approximately 6500 
btu/lb. Kirubakaran and co-authors (2007) also discovered similar resulted when bagasse and 
corn stover was tested
66
. Demirbas (1997) tested corn stover pellets for high heating value and 
found approximately 7500 btu/lb
67
. This value was much higher than the heating value obtained 
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for corn stover in this research (~5000 btu/lb). Hardwood pellets had a similar high heating value 
of 6000 btu/lb to that of Demirbas. 
Calorific value of alfalfa pellets tested for this research was approximately 5000 btu/lb. 
High ash percentage (approximately 12 % ash) (high mineral content (phosphorous and 
potassium)) was likely responsible for low calorific values of alfalfa pellets in this analysis. 
However, DeLong, Boateng and coworkers (1995) found approximately 8000 btu/lb of calorific 
value when alfalfa was tested for high heating values. They reported that alfalfa had 
approximately 5.8 % ash
68,69
. This signifies that feedstocks with high ash percentage yielded low 
heating value.  
4.3.2 Moisture and Density Content 
The densities of various feedstocks were calculated using equation 3.3 -2. The density of 
different feedstocks influenced their feed-rates. Low density feedstocks needed high feed-rates, 
Figure 4.3: Comparison of high heating values or calorific values of different feedstocks. Higher 
calorific value signifies better energy content of a feedstock. 
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whereas mid-range density feedstocks had normal feed-rates. For example, feed-rate of cypress 
mulch, with density of 230 to 260 kg/m
3
, was 18 lb/hr but feed-rate of compacted pine pellets, 
with density of 700 to 900 kg/m
3
, was 6.5 lb/hr. High density feedstocks, such as dairy manure 
and poultry litter, ranging between 1000 to 1300 kg/m
3
, could not be tested in the gasifier 
because of their unavailability in large quantities (> 200 lbs) in pelletized form. The 5 HP 
pelletmill failed to produce more than a few pounds of pellets.  Figure 4.4 shows a comparison 
between different densities.  
Wei (2009) analyzed the SYNGAS qualify from a down-draft biomass gasifier and 
discovered that moisture content affected gasification. Wei and co-authors (2009) stated that a 
difference in moisture content was reflected significantly in the temperature profile of the 
gasifying fuel
70
. High moisture content reduces the temperature achieved in the oxidation zone, 
resulting in the incomplete cracking of the hydrocarbons released from the pyrolysis zone. 




Increased levels of moisture and the presence of CO produced more H2 by the water gas shift 
reaction. The increased H2 content of the gas produces more CH4 by direct hydrogenation
58
. 
Moisture content was calculated using the equation 3.3–3. Moisture content below 7% is 
desirable for trouble free gasification. Pine and hardwood pellets had moisture around this range; 
therefore, was not subjected to additional drying. The moisture content of various feedstocks is 
depicted in Figure 4.5.  
Optimum moisture content of 5.5% to 7% was found in pine and hardwood pellets. Corn 
stover pellets had close to 14 % moisture but it was dried to optimum moisture of 7%. Moisture 
of less than 7% was noted in cypress mulch. Akudo (2007) maintained 10% moisture of cypress 
mulch woodchips at the time of sampling for tars and particulates
71
. However, due to low 
density, which necessitated frequent feeding and valve opening, cypress mulch was found to be 
unsuitable for a batch feed system. 
Figure 4.5: Moisture of different feedstocks. Feedstocks with moisture content < 7% was found 
to be ideal for gasification. 
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4.3.3 Volatile Solids and Ash Percentage 
The average ash content in each feedstock is shown in Figure 4.6. The significance of ash 
content and volatile solids was discussed in section 3.3.3 with a brief procedure to calculate 
them.  The equations 3.3 – 4 and 3.3 – 5 were used to calculate ash percentage and volatile solid 
percentage respectively. Carlson (1993) stated that chemical characteristics of the ash from 
energy generation will depend on a number of factors, including the type of feedstock, method of 
energy generation, air pollution control technology and power plant layout
72
. McKendry (2001) 
stated that high mineral matter can make gasification impossible. The oxidation temperature is 
often above the melting point of the biomass ash, leading to clinkering/slagging problems in the 




Figure 4.6: Ash percentage of different feedstock. Low ash percentage was desirable for 
gasification. Feedstocks with ash more than 10 % produced clinkers 
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In this analysis pine pellets had, as low as, 0.162 ± 0.1 % of ash and hardwood pellets had 
0.85 ± 0.2  % of ash. Similarly, Gil (2010) found only 0.2 % ashes in pine sawdust
65
. Demirbas 
(1997) found approximately 1.7 % ash in pine and 2.7 % ash in hardwood
67
. Ash less than 8% 
and volatile solids greater than 90% were noted in cypress mulch bark nuggets, corn stover 
pellets, hardwood pellets and switchgrass pellets. As a result hardwood, corn and pine pellets 
gasified easily. Bowden and co-workers tested three different types of switchgrass available in 
northwestern Pennsylvania and found less than 5% of ash in all three samples of switchgrass
73
. 
Alfalfa had 12% ash and therefore failed to successfully gasify. DeLong (1995) found 
approximately 11.01 % of ash in the leaves of alfalfa from Olivia
68
.  Chicken litter and dairy 
manure had approximately 40% ash. The higher ash content of the wastes collected for this 
research is likely due to use of sand as bedding for the dairy cows.  The poultry litter had very 
Figure 4.7: Volatile solids percent of different feedstock. High volatile solids percentage meant 
higher C content in the feedstock, in turn better calorific value 
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high mineral content and is heavily dependent on the ratio of bedding material (such as wood 
shavings, peanut hulls) and bird droppings.  
Volatile solids content in different feedstocks is shown Figure 4.7. Alfalfa had in less 
than 85% of volatile solids. Dairy manure and chicken litter pellets had less than 60% volatile 
solids. High ash contentsand low volatile solids made dairy manure and chicken litter pellets 
inappropriate for gasification. These feedstocks did not qualify for gasification due to high 
mineral content (Chapter 4.1). Other feedstocks such as corn stover pellets had less than 6.69 ± 
.3% ash and more than 93± .3% volatile solids produced combustible gases and qualified as 
gasification feedstocks. 
4.3.4 Analysis of Tars and Particulates 
The concentrations of tars and particulates in the exiting gas were quantified. The 
Figure 4.8: Comparison of particulates present in different feedstocks. High particulate 
concentrations lead to chocking of sampling lines and gas exit port. 
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Figure 4.9: Comparison of tars present in different feedstocks. Higher tars resulted in clogging of 
gas exit port and grate. 
sampling unit shown in section 3.3.4 was used to collect the samples. Figures 4.8 and 4.9 
compare the tars and particulates present in different feedstocks, respectively. Gravimetric 
analysis of tars and particulates from a sample of syngas produced pine pellets indicated high tar 
and particulate concentrations. The particulate concentration varied between 0.6 g/Nm
3
 to 4.6 
g/Nm
3
 and tars varied between 0.5 g/Nm
3
 to 1.2 g/Nm
3
. Figures 4.8 and 4.9 show pine pellets 
exhibiting high tar and particulate concentrations, as high as 0.80399 g/Nm
3
 and 4.06377 g/Nm
3
, 
respectively. Akudo (2008) observed similar tar concentration averaging 1.63 g/Nm
3
 and 
particulate concentration averaging 3.84 g/Nm
3 74
. High concentration of particulates (3.8 g/Nm
3
) 
was observed in syngas generated from gasification of alfalfa pellets. Gasification of alfalfa 
pellets also formed clinkers, which caused clogging at the ash grate and the gas exit ports of the 
gasifier. Figure 4.10 to 4.13 shows the samples of tars and particulates collected for gravimetric 





Figure 4.11: Tars and particulates from 
alfalfa feedstock. 
 
Figure 4.13: Dried tars from acetone (alfalfa 
feedstock) 
Figure 4.12: Tar collected in acetone 
from bark nugget 




4.3.5 Effect of Tar Cracking Catalyst on Tar Concentration 
The tar concentration was reduced from 0.8 g/Nm
3
 to 0.26 g/Nm
3
 when a tar cracking 
catalyst was used to crack tars present in syngas produced by gasifying pine pellets. The catalyst 
was not expected to reduce the concentrations of particulates but, in the same experiment, the 





Figure 4.15: Tar cracking catalyst. Catalyst 
maintained at 450˚C. The surface did not crack 
or tarnish at this temperature 
Figure 4.16 Tar cracking catalyst. 
Catalyst maintained at 650˚C. The surface 
did not crack or tarnish at this 
temperature. 
Figure 4.14: Tar cracking catalyst. Catalyst 
maintained at 550˚C. The surface did not 




catalyst was maintained at 550ºC in this experiment and was placed between the gas exit port 
and the particulate sampling unit. 
Figure 4.17 shows the comparison of tars and particulates for pine pellets. Other 
characteristics such as moisture content, flow rate of gasification medium (air) and physical and 
chemical properties of the feedstock were not altered. Akudo and researchers (2008) observed 
the reduction in tar formation 0.85 g/Nm
3
 to 0.09 g/Nm
3
 when woodchips (cypress mulch) were 
tested in a down-draft biomass gasifier
74
. 
4.4 Temperature Profile and Oxygen Sensor Readings 
a) Temperature Profile 
The time required for cypress mulch to reach the optimum temperature for gasification 
was half to that required by pine pellets. The low density of cypress mulch (Figure 4.4) was 
likely responsible for this behavior. The air flow was constant for both the feedstocks. This 




caused the cypress mulch to combust rather than to gasify. A probable cause of combustion of 
cypress mulch was due to inconsistent feeding. Figure 4.18 shows that Thermo # 5 and Thermo # 
6 spiked to 450 ºC around the 2:00:00 hrs.  As these two thermocouples are positioned above the 
air inlet point, high temperatures at this location is likely due to a partially empty gasifier 
chamber, which allowed the flames to go up into the upper sections of the gasifier.  Low 
quantities of biomass in the chamber coupled with increased air flow rates (due to lowered 
resistance) likely caused the mulch to undergo combustion rather than gasification. 
Figure 4.18 and 4.19 depict the internal temperature profile, which provides a better 
understanding of differences between gasification and combustion of feedstocks with different 
thermal and physical properties. In Figure 4.19 (pine pellets), the bottom two thermocouples 
(Thermo # 1 & 2) kept increasing until they reached steady state around 580 C.  As the pellet 
consumption was slow, the manual feeding process was easy and did not cause any increases in 
Thermo # 3 and Thermo # 4 temperatures until the feeding was stopped at 3:15:00 hrs. Corn and 
Figure 4.18: Cypress mulch gasification temperature profile. Quicker gasification than other 
feedstocks due to constant unmodified gasification agent (air) supply. 
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hardwood showed similar temperature profiles to that of pine pellets, which gasified 
successfully. 
The decomposition of feedstocks between 350˚C and 500˚C initiated pyrolysis at 
temperatures above 450˚C. The sampling for gas composition was done at the time when thermo 
2 (Figure 4.18 and 4.19) crossed 550˚C.  The zone near Thermo # 2 physically represents the 
combustion section of the gasifier (Equation #1 and #2, Table 2.3). Wei and co-workers (2009) 
tested hardwood in a down-draft biomass gasifier. It was observed that pyrolysis of biomass took 
place between 200˚C and 500˚C
70
. A similar temperature profile was observed in feedstocks 
which were tested for gasification in LSU gasifier (Figure 4.18 and 4.19). A similar case was 
experienced by Wei and co-workers (2009) who explained that moisture content of a feedstock 
had a significant effect on the temperature profile of the feedstock. For the present research, the  
feedstocks with higher moisture contents and higher ash concentrations generally had an 
inconsistent temperature profile. Apparently, the changing temperature profile resulted in 
Figure 4.19: Temperature profile of pine pellets; 19 % CO and 17% H2 was observed after 
Thermo 2 reached 550˚C. 
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inconstant and altered reactions during gasification, and caused an increase or decrease of CO 
and H2 concentrations inside the gasifier
70
. Kumar and co-workers (2009) quoted that at 
temperatures close to 600˚C, the endothermic nature of H2 production reaction (Table 2.3 
Equation # 5 to # 9) results in an increase in H2 content
55
. The temperature profile resulted from 
gasification of pine pellets demonstrated a trend of constant gasification. Appendix 1.2 shows a 
temperature profile of bark nuggets which was affected due to the presence of moisture in the 
feedstock. 
b) Oxygen Sensor 
The Figures 4.20 and 4.21 depicts the oxygen concentrations: 1) inside the gasifier near 
the grate (Oxygen Sensor (i)), and 2) outside the gasifier and just before the flaring unit (Oxygen 
Sensor (O)). The oxygen inside the chamber depleted within 25 minutes of gasification 
experiment which led to generation of SYNGAS. When compared to the temperature profile 
Figure 4.20: Bark nugget oxygen sensor profile. Oxygen present in substantial quantities inside 
and outside the gasification chamber represented by values less than 0.8 volts. This indicates that 
igniting the flame might result in combustion of feedstock. 
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(Figure 4.18), the depletion of oxygen (Figure 4.20) signifies the initiation of Equation # 1 and # 
2 (Table 2.3). The gases which came out on the flaring end were rich in CO and H2 (Figure 4.2). 
Oxygen profile of bark nuggets (Figure 4.21) shows the behavior of the oxygen sensor in case of 
excessive oxygen inside the gasification chamber. These low density feedstocks resulted in 
attaining gasification faster than pine, corn or hardwood pellets because the gasification agent 
(air) flow rates was not altered.  The excess air volume resulted in low quality SYNGAS because 
of combustion and high CO2 production. 
The prime purpose of the two oxygen sensors was to monitor oxygen inside the 
gasification for safety reasons. The purpose of the second sensor was to serve as backup sensors.  
Both the oxygen sensors monitored the levels of oxygen and helped in detection of leaks or un-
combusted oxygen.  Oxygen at this point can cause a back flash, whereby, the flame from the 
flaring unit can travel back into the gasification chamber and combustion and ignite the 
Figure 4.21: Oxygen sensor voltage readings for corn pellets. Depleted or zero oxygen 
concentration are indicated by a reading above 0.8 volts. This indicates the SNYGAS produced 
was safe to ignite. 
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combustible gasses in the pipes. Excessive oxygen concentrations can also indicate poor 
gasification or excess air flow rates.  For the down-draft gasifier at LSU, a blower was used to 
push in the gasification agent. However, for certain designs, a blower is used to sucks the 
gasification agent.  For the gasifiers that operate with negative pressure, high oxygen levels can 
also indicate leaks in the system, which can lead to explosions near the blower or during gas 
conditioning.  
4.5 Ultimate and Proximate Analysis 
The N, C and H analyses were performed to analyze the organic and nutrient constituents 
of feedstocks. The carbon content is a direct measure of suitability of a feedstock for 
gasification.  Raveendran and co-researchers (1995) found 55 % of C and approximately 4% of 
H2 in both corn and bagasse from ultimate analysis
56
. Similar results were noticed in corn and 
bagasse tested for this research at Agcenter’s W.A. Callegari Environmental Center. Alfalfa on 
the other hand produced less than 43% C and less than 2% H. Timper (2000) found similar 
percentages of C and H (43% and 5.62%, respectively) when alfalfa was tested for ultimate 
analysis. Alfalfa had approximately 4.16% of sulfur which was in line with Timper’s analysis
75
. 
High potassium and sulfur content, although generate ash with higher nutritive value, they made 
the feedstock difficult to gasify. Raveendran and co-workers (1995) stated that high inorganic 
material in biomass traps the carbon particles, making it unavailable for conversion
56
. The tested 
total P in alfalfa fly ash was higher than the reported  5 and 6 gm/kg for dairy and hog manure 
and was comparable with 14.5 gm/kg for boiler litter as reported by Eck and Stewart (1995), who 





Whereas, pine pellets had almost 42% of C which was in line with Gil’s (2010) discovery 
of 45% of C in pine sawdust
65
. It was concluded that that the very low inorganic content made it 
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a better gasification fuel than alfalfa. Narvaez and researchers (1996) also found almost 50% of 




Animal waste feedstocks such as dairy manure and chicken litter had approximately 25% 
and 23% of C and approximately 3.2% and 0.7% of H. Eck and researchers (1995) reported a 




Similarly, alfalfa had high inorganic content. Figure 4.22 shows the metal concentrations 
in two feedstocks, out of which alfalfa did not qualify for gasification. On the hand, pine pellets 
contained low inorganic content. This resulted in low ash percentage and high calorific value of 
Figure 4. 22: Comparison of different metals present between a gasifying and a non-gasifying 
feedstock. The excess amount of inorganic compounds present in alfalfa made it a non-gasifying 
feedstock for gasification. 
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pine pellets.   The metal concentrations all feedstocks tested in this research are presented in 
appendix 1.5. 
The Figure 4.23 shows the presence of organic  C along with percentage of nitrogen, 
which has been reported as a fertilizer for crops. This plot shows the CHN values of all the 
feedstocks before and after gasification. Pine pellets, corn stover pellets, bark nugget and 
hardwood pellets had high organic carbon than ―potential fertilizer feedstocks‖ such as alfalfa, 
dairy manure and chicken litter, which have higher nitrogen content. 
Figure 4.23: Comparison of Ultimate Analysis of different feedstocks and their ashes. Higher 
Carbon content (C) implied better heating value. (―After‖ = after gasification). 
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CHAPTER 5: CONCLUSION 
5.1 Summary of Results 
Gasification of biomass has been an old and proven technology. Clean SYNGAS can be 
used in numerous applications. DeGroot (1990) stated that gasification is the direct 
thermochemical conversion of biomass to a hot fuel gas in a gasifier unit
78
. Brushwood and co-
workers (1998) stated that the fuel gas can be used to generate steam, which runs a turbine that 
generates electricity
79
. Williams and co-authors (1996) studied that electricity generation by the 
―new combined cycle gasification method‖ and indicated that gasification was more efficient 
than the traditional combustion method of energy generation
80
.  
Currently in the United States only 2.7 quadrillion Btu’s of installed biomass capacity is 
available
9
. In order to reduce the dependence on foreign oil, many different technologies will 
have to be employed together across the nation. Gasification has the potential to offset the need 
for fossil fuels and provide the nation with cleaner ―alternative fuel‖. 
The objectives of this research have been met through a series of experiments designed to 
analyze Louisiana biomass-based feedstocks for their thermal and physical properties.  A down-
draft biomass gasifier was used to analyze the suitability of six different feedstocks for 
gasification. Temperature was an important parameter in the process of biomass gasification. It 
was concluded that temperatures nearing 250˚C started the process of pyrolysis (Equation #1 and 
#2, Table 2.3) and gasification was initiated at approximately 650˚C (Equation #5 to #10, Table 
2.3). The initiation of gasification meant the production of SYNGAS. Sampling unit shown in 
Figure 3.2 was used to collect the samples for quantification of tars and particulates in SYNGAS. 
The gas was also tested for composition using a gas chromatographer. 
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Ten different feedstocks were tested for physical and thermal properties, amongst which 
six were tested in the gasifier.  Four feedstocks were either not suitable or was not available in 
pelletized form in large enough quantities for conducting a full gasification run.  It was noted 
that pine and hardwood pellets demonstrated optimum results in the laboratory tests conducted 
for thermal and physical properties. Both these feedstocks had approximately 6% moisture and 
approximately 1% ash. The heating value of pine was found to be 8000 btu/lb. Calorific value of 
hardwood pellets, cypress mulch and switchgrass pellets was found to be 6000 btu/lb. It was 
observed and noted from previous studies that moisture content of a feedstock had a major 
bearing on the on the calorific value of the feedstock and the temperature profile within the 
gasifier. 
Corn and bark nugget initially contained 13% moisture and had to be dried to 5% ~ 6% 
for successful gasification. Moisture content of cypress mulch was close to 7%. Alfalfa was dried 
to 5 % moisture for gasification, but high percentage of minerals (for example P, K and Ca) in 
the feedstock it made unsuitable for gasification.  
Corn yielded lowest tars and particulates concentration (0.040 g/Nm
3
 tars and 0.613 
g/Nm
3
 particulates) in the group. It was difficult to understand why concentration of tars 
collected from sampling pine pellets was significantly high (4.063 g/Nm
3
 of particulates and 
.8039 g/Nm
3
 of tars). The ideal physical and chemical properties of pine pellets do not support 
the high tar and particulate concentrations noticed in resulting SYNGAS. Numerous factors such 
as design of the gasifier, pellet moisture content, gasifier temperature profile, ambient 
temperature and relative humidity could affect the generation of tars and particulates. Alfalfa had 
large quantities of nutrients such as phosphorous and potassium present in the feedstock which 
explained the high ash percentage and tar formation on gasification. 
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When a tar cracking catalyst was used in the sampling unit, the concentration of tars 




. These gasifier results, 
coupled with ideal physical, chemical and thermal properties of pine pellets (such as low ash 
content, high heating value, low mineral content, high volatile solids content) and the abundance 
of pine in the state of Louisiana, make pine pellets an ideal source of alternate energy in 
Louisiana. 
5.2 Future Opportunities and Suggestions 
Gasification can be a sustainable source of alternate energy for mega corporations such as 
paper and pulp industries, furniture stores and petroleum industries. It can also create 
opportunities for experimenting new mixtures such as glycerol mixed with pine or corn pellets. 
Glycerol, produced as a side product while converting used vegetable oil to bio-diesel at LSU 
Agcenter’s W.A. Callegari Environmental Center, was mixed with pine pellets and tested in the 
gasifier as demonstration project.  Although, this experiment was outside the scope of this thesis, 
results from this demo run indicated a high quality SYNGAS (not discussed in this thesis). 
The fuel (SYNGAS) can be either used in turbines or liquefied for producing biodiesel. 
These options give us infinite opportunities to study biomass gasification and make the best use 
of technology available to us. The use of other products such as pine cones, municipal waste, 
furniture debris and dairy waste are also being studied at different locations in the world for 
gasification, resulting rich carbon-hydrogen chains, able to reproduce simple carbon-hydrogen 
chains to be used as different fuels.  
With the quantity of biomass available today, there are infinite opportunities for 
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SectionA1.1: Volatile Solids and Ash Percentage Calculation
Section A 1.1: Study of Volatile Solids and Ash Percentage of different feedstock (2) Cypress 
Mulch (3) Hardwood (4) Switch Grass (5) Alfalfa (6) Corn Pellet 
 






























Ash only % Ash %VS 
1.00 6.49 18.07 597.77 590.70 0.99 555.20 1722.20 1167.00 6.49 18.07 597.77 0.93 6.39 1167.90 554.30 0.16 99.84 
2.00 6.66 16.19 564.01 586.80 1.04 552.80 1715.20 1162.40 6.66 16.19 564.01 0.98 6.15 1164.00 551.20 0.29 99.71 
3.00 6.52 16.37 546.55 628.40 1.15 590.20 1763.70 1173.50 6.52 16.37 546.55 1.08 6.47 1175.90 587.80 0.41 99.59 
4.00 6.59 15.70 535.50 544.50 1.02 510.40 1681.90 1171.50 6.59 15.70 535.50 0.95 6.68 1173.30 508.60 0.35 99.65 
5.00 6.50 15.92 528.27 611.20 1.16 573.00 1748.40 1175.40 6.50 15.92 528.27 1.08 6.67 1178.10 570.30 0.47 99.53 
6.00 6.57 16.00 542.43 580.20 1.07 550.50 1723.60 1173.10 6.57 16.00 542.43 1.01 5.40 1175.40 548.20 0.42 99.58 
7.00 6.47 16.17 531.63 532.40 1.00 504.40 1677.20 1172.80 6.47 16.17 531.63 0.95 5.55 1175.20 502.00 0.48 99.52 
8.00 6.41 15.51 500.52 502.40 1.00 476.80 1640.70 1163.90 6.41 15.51 500.52 0.95 5.37 1166.20 474.50 0.48 99.52 
9.00 6.42 15.21 492.37 415.50 0.84 393.20 1579.70 1186.50 6.42 15.21 492.37 0.80 5.67 1187.70 392.00 0.31 99.69 
10.0
0 



























Ash only % Ash %VS 
1.00 6.46 15.02 492.29 499.90 1.02 472.40 1630.30 1157.90 6.46 15.02 492.29 0.96 5.82 1162.10 468.20 0.89 99.11 
2.00 6.59 16.32 556.65 506.30 0.91 480.60 1648.20 1167.60 6.59 16.32 556.65 0.86 5.35 1176.90 471.30 1.94 98.06 
3.00 6.52 12.86 429.36 433.60 1.01 410.90 1584.00 1173.10 6.52 12.86 429.36 0.96 5.52 1171.60 412.40 -0.37 
100.3
7 
4.00 6.66 14.32 498.86 439.40 0.88 417.00 1592.90 1175.90 6.66 14.32 498.86 0.84 5.37 1178.50 414.40 0.62 99.38 
5.00 6.60 12.72 435.18 423.10 0.97 401.40 1577.80 1176.40 6.60 12.72 435.18 0.92 5.41 1180.40 397.40 1.00 99.00 
6.00 6.49 16.72 553.12 575.30 1.04 545.20 1724.60 1179.40 6.49 16.72 553.12 0.99 5.52 1183.90 540.70 0.83 99.17 
7.00 6.60 14.23 486.84 484.90 1.00 460.30 1629.30 1169.00 6.60 14.23 486.84 0.95 5.34 1172.90 456.40 0.85 99.15 
8.00 6.53 15.38 515.08 499.50 0.97 474.80 1654.80 1180.00 6.53 15.38 515.08 0.92 5.20 1183.80 471.00 0.80 99.20 
9.00 6.67 14.02 489.88 438.40 0.89 417.10 1594.20 1177.10 6.67 14.02 489.88 0.85 5.11 1180.90 413.30 0.91 99.09 
10.0
0 



























Ash only % Ash %VS 
1.00 7.11 16.28 646.37 612.40 0.95 553.40 1719.00 1165.60 7.11 16.28 646.37 0.86 10.66 1236.30 482.70 12.78 87.22 
2.00 7.01 15.76 608.25 496.00 0.82 447.40 1630.00 1182.60 7.01 15.76 608.25 0.74 10.86 1238.20 391.80 12.43 87.57 
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3.00 6.87 15.41 571.22 612.40 1.07 550.20 1723.50 1173.30 6.87 15.41 571.22 0.96 11.30 1255.20 468.30 14.89 85.11 
4.00 6.91 17.82 668.27 679.40 1.02 611.10 1781.50 1170.40 6.91 17.82 668.27 0.91 11.18 1242.70 538.80 11.83 88.17 
5.00 6.96 17.25 656.29 591.30 0.90 533.40 1690.90 1157.50 6.96 17.25 656.29 0.81 10.85 1219.80 471.10 11.68 88.32 
6.00 6.93 17.21 649.14 631.20 0.97 569.90 1740.20 1170.30 6.93 17.21 649.14 0.88 10.76 1234.90 505.30 11.34 88.66 
7.00 7.17 20.25 817.62 706.30 0.86 639.50 1825.50 1186.00 7.17 20.25 817.62 0.78 10.45 1261.80 563.70 11.85 88.15 
8.00 6.10 22.06 644.70 756.80 1.17 705.80 1875.20 1169.40 6.10 22.06 644.70 1.09 7.23 1252.60 622.60 11.79 88.21 
9.00 7.45 16.13 703.13 591.90 0.84 536.10 1711.20 1175.10 7.45 16.13 703.13 0.76 10.41 1237.60 473.60 11.66 88.34 
10.0
0 



























Ash only % Ash %VS 
1.00 6.06 16.41 473.31 559.20 1.18 517.20 1688.50 1171.30 6.06 16.41 473.31 1.09 8.12 1189.70 498.80 3.56 96.44 
2.00 5.91 23.25 637.80 767.90 1.20 713.80 1888.00 1174.20 5.91 23.25 637.80 1.12 7.58 1199.70 688.30 3.57 96.43 
3.00 6.14 17.94 531.19 547.20 1.03 510.30 1682.40 1172.10 6.14 17.94 531.19 0.96 7.23 1186.30 496.10 2.78 97.22 
4.00 5.92 18.76 516.38 612.40 1.19 571.50 1742.70 1171.20 5.92 18.76 516.38 1.11 7.16 1188.20 554.50 2.97 97.03 
5.00 6.20 20.01 604.12 656.30 1.09 608.20 1775.00 1166.80 6.20 20.01 604.12 1.01 7.91 1188.80 586.20 3.62 96.38 
6.00 5.72 19.06 489.78 510.00 1.04 477.20 1644.20 1167.00 5.72 19.06 489.78 0.97 6.87 1182.30 461.90 3.21 96.79 
7.00 6.01 25.42 721.13 872.50 1.21 809.70 1986.90 1177.20 6.01 25.42 721.13 1.12 7.76 1204.50 782.40 3.37 96.63 
8.00 6.02 22.46 639.28 746.10 1.17 689.90 1866.10 1176.20 6.02 22.46 639.28 1.08 8.15 1198.00 668.10 3.16 96.84 
9.00 5.86 25.08 676.41 786.10 1.16 734.50 1907.40 1172.90 5.86 25.08 676.41 1.09 7.03 1202.60 704.80 4.04 95.96 
10.0
0 



























Ash only % Ash %VS 
1.00 6.15 17.25 512.42 529.10 1.03 483.90 1645.80 1161.90 6.15 17.25 512.42 0.94 9.34 1201.00 444.80 8.08 91.92 
2.00 5.90 23.87 652.60 756.10 1.16 691.00 1869.10 1178.10 5.90 23.87 652.60 1.06 9.42 1234.40 634.70 8.15 91.85 
3.00 5.97 19.38 542.49 637.50 1.18 586.40 1754.10 1167.70 5.97 19.38 542.49 1.08 8.71 1215.80 538.30 8.20 91.80 
4.00 5.96 20.20 563.55 602.80 1.07 552.20 1729.00 1176.80 5.96 20.20 563.55 0.98 9.16 1220.10 508.90 7.84 92.16 
5.00 6.05 20.53 590.19 668.20 1.13 612.80 1789.70 1176.90 6.05 20.53 590.19 1.04 9.04 1216.90 572.80 6.53 93.47 
6.00 5.91 18.34 503.11 628.50 1.25 576.60 1734.60 1158.00 5.91 18.34 503.11 1.15 9.00 1203.40 531.20 7.87 92.13 
76 
 
7.00 5.94 18.92 524.30 582.90 1.11 533.70 1705.60 1171.90 5.94 18.92 524.30 1.02 9.22 1215.90 489.70 8.24 91.76 
8.00 6.01 17.67 501.27 581.60 1.16 537.70 1701.30 1163.60 6.01 17.67 501.27 1.07 8.16 1207.70 493.60 8.20 91.80 
9.00 6.07 21.92 634.32 731.10 1.15 672.20 1837.10 1164.90 6.07 21.92 634.32 1.06 8.76 1219.40 617.70 8.11 91.89 
10.0
0 



























Ash only % Ash %VS 
1.00 6.33 13.55 426.42 436.80 1.02 384.20 1554.80 1170.60 6.33 13.55 426.42 0.90 13.69 1199.30 355.50 7.47 92.53 
2.00 6.34 14.86 469.12 447.10 0.95 393.30 1568.10 1174.80 6.34 14.86 469.12 0.84 13.68 1203.40 364.70 7.27 92.73 
3.00 6.42 14.77 478.12 488.90 1.02 429.70 1606.20 1176.50 6.42 14.77 478.12 0.90 13.78 1206.80 399.40 7.05 92.95 
4.00 6.32 17.21 539.89 580.50 1.08 509.90 1688.00 1178.10 6.32 17.21 539.89 0.94 13.85 1216.50 471.50 7.53 92.47 
5.00 6.19 17.52 527.24 517.10 0.98 457.40 1629.40 1172.00 6.19 17.52 527.24 0.87 13.05 1207.80 421.60 7.83 92.17 
6.00 6.17 14.16 423.37 435.80 1.03 385.60 1554.30 1168.70 6.17 14.16 423.37 0.91 13.02 1196.90 357.40 7.31 92.69 
7.00 6.29 14.20 441.24 457.50 1.04 404.40 1585.10 1180.70 6.29 14.20 441.24 0.92 13.13 1210.30 374.80 7.32 92.68 
8.00 6.21 15.04 455.53 479.50 1.05 425.30 1605.70 1180.40 6.21 15.04 455.53 0.93 12.74 1208.90 396.80 6.70 93.30 
9.00 6.18 16.24 487.14 472.70 0.97 418.70 1610.70 1192.00 6.18 16.24 487.14 0.86 12.90 1222.30 388.40 7.24 92.76 
10.0
0 



























Ash only % Ash %VS 
1.00 5.98 21.35 599.64 850.70 1.42 769.50 1941.00 1171.50 5.98 21.35 599.64 1.28 10.55 1482.70 458.30 40.44 59.56 
2.00 6.06 17.30 498.98 611.70 1.23 558.10 1721.40 1163.30 6.06 17.30 498.98 1.12 9.60 1405.50 315.90 43.40 56.60 
3.00 5.95 21.66 602.26 781.00 1.30 711.80 1881.10 1169.30 5.95 21.66 602.26 1.18 9.72 1476.60 404.50 43.17 56.83 
4.00 5.98 19.00 533.64 722.10 1.35 655.70 1821.00 1165.30 5.98 19.00 533.64 1.23 10.13 1446.60 374.40 42.90 57.10 
5.00 5.88 23.68 643.02 947.20 1.47 859.20 2033.20 1174.00 5.88 23.68 643.02 1.34 10.24 1533.50 499.70 41.84 58.16 
6.00 5.87 20.66 559.11 810.00 1.45 734.10 1893.70 1159.60 5.87 20.66 559.11 1.31 10.34 1462.90 430.80 41.32 58.68 
7.00 6.01 19.41 550.64 705.40 1.28 749.20 1907.60 1158.40 6.01 19.41 550.64 1.36 -5.85 1461.80 445.80 40.50 59.50 
8.00 5.92 21.10 580.79 822.10 1.42 651.40 1817.10 1165.70 5.92 21.10 580.79 1.12 26.21 1469.20 347.90 46.59 53.41 
9.00 5.88 24.72 671.26 947.40 1.41 868.40 2041.30 1172.90 5.88 24.72 671.26 1.29 9.10 1555.10 486.20 44.01 55.99 
10.0
0 





























Ash only % Ash %VS 
1.00 4.65 25.79 437.97 651.10 1.49 578.40 1752.50 1174.10 4.65 25.79 437.97 1.32 12.57 1409.50 343.00 40.70 59.30 
2.00 5.48 20.89 492.71 673.50 1.37 623.10 1780.10 1157.00 5.48 20.89 492.71 1.26 8.09 1402.00 378.10 39.32 60.68 
3.00 5.70 21.82 556.79 697.60 1.25 617.70 1798.90 1181.20 5.70 21.82 556.79 1.11 12.94 1426.60 372.30 39.73 60.27 
4.00 5.43 19.78 458.05 541.50 1.18 489.80 1659.70 1169.90 5.43 19.78 458.05 1.07 10.56 1363.40 296.30 39.51 60.49 
5.00 5.04 22.49 448.68 684.80 1.53 619.30 1785.90 1166.60 5.04 22.49 448.68 1.38 10.58 1414.10 371.80 39.96 60.04 
6.00 5.75 19.00 493.38 605.70 1.23 544.30 1703.00 1158.70 5.75 19.00 493.38 1.10 11.28 1370.80 332.20 38.97 61.03 
7.00 5.07 18.91 381.77 546.70 1.43 494.00 1667.70 1173.70 5.07 18.91 381.77 1.29 10.67 1375.60 292.10 40.87 59.13 
8.00 5.22 21.24 454.55 566.50 1.25 509.70 1674.50 1164.80 5.22 21.24 454.55 1.12 11.14 1373.80 300.70 41.00 59.00 
9.00 5.42 17.91 413.22 496.70 1.20 441.70 1598.70 1157.00 5.42 17.91 413.22 1.07 12.45 1329.30 269.40 39.01 60.99 
10.0
0 







































Ash % Ash %VS 
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5/27/2009 0.4711 1.0986 0.6275 10 0.004719474 30 0.141584 4.431990674 
5/29/2009 0.4614 1.1024 0.641 10 0.004719474 30 0.141584 4.527340274 
6/8/2009 0.4789 0.9365 0.4576 10 0.004719474 30 0.141584 3.231998298 
              
2 
pine+c
at 7/3/2009 0.4661 0.4842 0.0181 10 0.004719474 30 0.141584 0.127839094 
















0.4688 0.9056 0.4368 10 
0.004719474 30 
0.141584 3.085089285 




2/18/2010 0.4036 0.7188 0.3152 10 0.004719474 30 0.141584 2.22623659 
2/18/2010 0.4864 0.627 0.1406 10 0.004719474 30 0.141584 0.993048428 
2/18/2010 0.4864 0.7805 0.2941 10 0.004719474 30 0.141584 2.077208697 
              
5 Alfalfa 
11/5/2009 0.4673 0.9076 0.4403 10 0.004719474 30 0.141584 3.109809551 
11/5/2009 0.478 0.9223 0.4443 10 0.004719474 30 0.141584 3.138061285 
11/5/2009 0.4689 1.2004 0.7315 10 0.004719474 30 0.141584 5.166535741 





9 0.4636 0.5313 0.0677 10 0.004719474 30 0.141584 
0.478160587 
11/13/200
9 0.4677 0.4806 0.0129 10 0.004719474 30 0.141584 
0.09111184 
11/13/200
9 0.4684 0.8107 0.3423 10 0.004719474 30 0.141584 
2.417642084 





9 0.4732 0.5313 0.0581 10 0.004719474 30 0.141584 
0.410356427 
11/17/200
9 0.471 0.4806 0.0096 10 0.004719474 30 0.141584 
0.06780416 
11/17/200
9 0.4686 0.8107 0.3421 10 0.004719474 30 0.141584 
2.416229497 
              
8 Corn 
3/11/2010 0.4714 0.5187 0.0473 10 0.004719474 30 0.141584 0.334076747 
3/11/2010 0.4691 0.5017 0.0326 10 0.004719474 30 0.141584 0.230251627 




SectionA1.3: (ii) Concentration of Tars 





















5/27/2009 4.0146 4.1555 0.1409 10 0.004719474 30 0.14158423 0.995167308 
5/29/2009 4.0412 4.1302 0.089 10 0.004719474 30 0.14158423 0.628601068 
6/8/2009 4.0182 4.1298 0.1116 10 0.004719474 30 0.14158423 0.788223361 
              
2 pine+cat 7/3/2009 4.0187 4.0566 0.0379 10 0.004719474 30 0.14158423 0.267685174 




10/29/2009 4.0616 4.1136 0.052 10 0.004719474 30 0.14158423 0.367272534 
10/29/2009 3.9722 3.998 0.0258 10 0.004719474 30 0.14158423 0.18222368 
10/29/2009 4.0639 4.085 0.0211 10 0.004719474 30 0.14158423 0.149027894 




2/18/2010 4.0362 4.1106 0.0744 10 0.004719474 30 0.14158423 0.525482241 
2/18/2010 4.0684 4.1236 0.0552 10 0.004719474 30 0.14158423 0.389873921 
2/18/2010 4.1036 4.1194 0.0158 10 0.004719474 30 0.14158423 0.111594347 
              
5 Alfalfa 
11/5/2009 4.0505 4.0962 0.0457 10 0.004719474 30 0.14158423 0.322776054 
11/5/2009 4.0409 4.16 0.1191 10 0.004719474 30 0.14158423 0.841195361 
11/5/2009 4.033 4.075 0.042 10 0.004719474 30 0.14158423 0.2966432 
              
6 Cypress 
11/13/2009 4.5077 4.7032 0.1955 10 0.004719474 30 0.14158423 1.380803469 
11/13/2009 4.077 4.1036 0.0266 10 0.004719474 30 0.14158423 0.187874027 
11/13/2009 4.0362 4.1003 0.0641 10 0.004719474 30 0.14158423 0.452734027 




11/17/2009 4.1198 4.1378 0.018 10 0.004719474 30 0.14158423 0.1271328 
11/17/2009 4.1112 4.1262 0.015 10 0.004719474 30 0.14158423 0.105944 
11/17/2009 4.1081 4.145 0.0369 10 0.004719474 30 0.14158423 0.26062224 
              
8 Corn 
3/11/2010 4.1173 4.1251 0.0078 10 0.004719474 30 0.14158423 0.05509088 
3/11/2010 4.0913 4.0971 0.0058 10 0.004719474 30 0.14158423 0.040965013 

































































SectionA1.5: Metal Analysis Results 
Metals (EPA 
200.7) Result       
Sample Lab ID        








Pine after alfalfa 
Switchgrass 
before 
Unit: mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
Aluminum (Al) 0.06 971.653 1525.223 41.137 223.295 405.470 92.220 
Arsenic (As) 0.01 10.225 10.120 10.840 18.459 12.843 8.625 
Boron (B) 0.02 23.706 132.741 8.445 146.781 65.152 12.779 
Barium (Ba) 0.02 4.827 80.262 1.895 93.157 2.285 4.209 
Beryllium (Be) 0.01 0.087 0.090 0.014 0.043 0.039 0.029 
Calcium (Ca) 0.02 3670.368 4715.498 369.199 857.535 4166.398 762.006 
Cadmium (Cd) 0.01 0.211 0.111 0.163 0.163 0.010 ND 
Cobalt (Co) 0.01 1.121 1.552 0.106 ND 0.246 0.115 
Chromium (Cr) 0.01 20.636 24.281 ND 0.606 1.388 1.066 
Copper (Cu) 0.01 24.711 35.172 ND ND 5.087 2.174 
Iron (Fe) 0.01 4839.419 6210.515 17.869 103.425 618.465 357.960 
Potassium (K) 0.032 1018.810 2287.504 350.758 1789.100 15124.208 5789.260 
Magnesium (Mg) 0.01 2696.612 3712.410 260.971 593.886 2768.467 1249.964 
Manganese (Mn) 0.01 73.596 129.995 110.697 154.331 53.243 64.024 
Molybdenum 
(Mo) 0.038 ND ND ND ND ND ND 
Sodium (Na) 0.029 171.162 555.112 38.455 411.337 142.162 67.790 
Nickel (Ni) 0.01 4.382 4.428 0.193 0.442 1.082 2.242 
Phosphorus (P) 0.024 2234.483 3383.156 66.800 179.405 2017.062 690.634 
Lead (Pb) 0.01 1.997 2.202 N/A ND 0.345 0.834 
Sulfur (S) 0.011 1738.105 887.080 140.898 269.475 2890.810 655.817 
Antimony (Sb) 0.01 1.256 3.826 N/A 3.832 1.008 0.876 
Selenium (Se) 0.01 0.298 0.900 0.444 1.342 0.529 0.463 
Silicone (Si) 0.7 904.806 411.542 51.088 483.758 477.652 1231.951 
Tin (Sn) 0.01 2.638 3.773 0.347 2.504 0.478 0.767 
Strontium (Sr) 0.02 ND ND ND ND ND ND 
Thallium (Tl) 0.01 ND ND ND ND ND ND 
Vanadium (V) 0.01 4.335 5.344 ND 0.261 0.596 0.177 
Yttrium (Y) 0.01 0.851 0.957 0.034 0.129 0.171 0.153 
Zinc (Zn) 0.01 147.208 415.583 8.287 251.045 18.619 22.345 
        
% C % 29.360   71.260 39.840  
% N % 1.360   0.255 2.856  
C/N  21.590   279.300 13.950  
%H % 4.021   0.000 5.785  
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 N C H 
Alfalfa N/A* 2.268 0.326 
Alfalfa  After 2.856 44.4 5.785 
Bark Nugget N/A* 1.553 0.207 
Bark Nugget After 0.218 87.5 2.263 
Cypress Mulch 0.23 46.15 6.682 
Cypress Mulch After 0.164 74.87 2.541 
Corn 0.569 64.59 1.838 
Hardwood 5.461 37.02 3.683 
Pine 0.536 41.12 5.724 
Pine After 0.255 71.26 N/A 
Poultry Litter 1.118 23.32 3.075 
Poultry Litter After 0.692 23.46 0.792 
Switch Grass 0.547 42.1 5.933 
Dairy Manure 1.487 25.28 3.352 
Bagasse 0.4 39.24 5.225 
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